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LIQUID MHD POWER CYCLE STUDIES 

by 

Michael Petr ick and Kung-You Lee 

ABSTRACT 

The potential of liquid metal MHD power cycles has 
been investigated by means of extensive cycle studies and 
has been found to be excellent. Overall efficiency of a binary 
cycle employing a liquid metal topping cycle and a bottoming 
s teamcycle approaching 60% may be feasible. Detailed anal
yses and cycle data are presented. The potential of the bi
nary cycle for commercia l application is discussed. 

I. INTRODUCTION 

For all pract ical purposes effective further development of the 
s team power cycle is rapidly reaching an end. The relatively small gains 
in efficiency which have been achieved by increasing the p re s su re and 
t empera tu res to very high levels in the steam cycle have been reported 
to be uneconomical. As a result , nev/ or unconventional power sources are 
being sought which can meet the ever- increas ing demand for additional 
power more efficiently and economically. A major impetus for this r e 
search has been the need for specialized power systems for space and 
mil i tary application. The "fallout" from this extensive effort is alimost 
cer ta in to benefit the commercia l powrer industry. 

Based upon recent developments in reactor technology and magneto-
hydrodynamics ( M H D ) , a power system is evolving which appears to have 
a very strong potential for both commercia l and space application. The 
concept involves the coupling of a fast reactor to a l iquid-metal MHD gen
era tor with liquid metal acting both as the cooling nnedium and the working 
fluid. 

The development of the fast breeder reactor is the p r imary objective 
of the US Nuclear Power P rogram. A major stimulus for this development 
is the accumulation of the byproduct plutoniuna from the present generation 
of the rma l power r eac to r s . Since the fast reac tors are much more effec
tive u se r s of plutonium their development is being spurred. 

Recent advances in the field of magnetohydrodynamics and in 
par t icu lar of l iquid-metal magnetohydrodynamics indicate that the direct 
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conversion of heat into electr ici ty appears quite feasible. The plasma 
MHD cycle still has formidable obstacles to overcome, namely, the attain
ment of adequate e lec t r ica l conductivity within feasible tempera ture l imits . 
The liquid metals on the other hand have an electrical conductivity which is 
five o rders of magnitude higher than that of plasma. The velocities that 
can be achieved in a l iquid-metal generator, however, are about two orders 
of magnitude lower than the plasma. Since the power density of an MHD gen
erator is proportional to aV^B^, the potential of the liquid-metal MHD gen
erator and cycle appears to be at least equal that of the plasma cycle and, 
in fact, it probably exceeds it. An additional consideration that favors the 
liquid-metal MHD cycle is that it possesses essentially no moving or ro
tating components which are a necessa ry requirement for a system of long 
lifetime. Also, the liquid-metal cycle does not require any pump or com
p r e s s o r s which rob the cycle of very substantial amounts of power for 
operation. 

Three basic cycles that have been proposed for a liquid-metal 
MHD power system are the two-component, two-phase cycle,>^' the con
densing injector cycle,v2) and the one-component, two-phase cycle.V^J The 
cycles are basically s imilar in that they are based on the conversion of 
thermal energy into kinetic energy or stagnation head which is then con
verted into electr ical energy by an MHD device. The cycles differ primari ly 
in the manner in which the conversion of the thermal energy is achieved. 

Although much interest has been expressed in the concept and the 
various cycles as evidenced by the efforts currently underway, very little 
quantitative data or comparisons of the cycles have been reported 

It is the purpose of this study to investigate the potential of the liquid-
metal MHD concept by means of extensive cycle analyses and, in particular, 
to make a prel iminary judgment on the relative mer i t s of the aforementioned 
cycles as applied to commercia l and space power sys tems. 

Various working fluids such as mercury, mercury-potass ium alloy, 
potassium, cesium, and sodium were investigated over wide parameter 
ranges that would be compatible with both commercia l and space systems. 
Pre l iminary economic evaluations were also made to demonstrate economic 
incentive for developing the concept. 
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II. THE MHD GENERATOR 

A. General Consideration 

The MHD generator is the key component of the MHD cycle. The 
overall cycle efficiency is essential ly directly proportional to the generator 
efficiency and performance. The e lec t r ica l energy extracted from the 
generator is at the expense of the flow work, kinetic energy, and internal 
energy. An energy balance ac ross the generator with negligible potential 
energy change is 

d(Pv) + dE + d(uV2g^) = dQ' - dPQ, (II-1) 

where Q' is heat absorbed by the flowing fluid from the surroundings, 
P Q is the work done by the flowing fluid on the surroundings (i.e., 
generator output). Recalling that 

dE = TdS - Pdv, (II-2) 

where TdS is the change of internal energy due to heat effects and Pdv 
is the change of internal energy due to compression effects, Eq. ( l l - l ) 
becomes 

vdP + TdS + (UdU/gc) = dQ' - dPQ. (II-3) 

In any process the increase in internal energy due to heat effects TdS 
is equal to the sum of the heat absorbed from the surroundings and all 
other energy dissipated into heat effects within the system due to i r r e v e r s i 
bi l i t ies , such as overcoming friction, occurring in the p rocess . Therefore 

TdS = dQ' + dQf + dQo, (II-4) 

where Qf is lost work due to friction and QQ is ohmic heat loss due to 
generator internal res i s tance . Substituting (II-4) into (II-3) one obtains 

vdP + (Udu/gc) + dQf + dQo = - d P ^ (II-5) 

dPQ + dQo = -vdP - (UdU/gc) - dQf. (II-6) 

After integration (referring to Fig. I I - l ) , 

P Q + Qo = / VdP + ( l /g^) / UdU - Qf. (II-7) 
"'Pj "̂ Ua 
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The generator efficiency £„ is 

eg = P G / ( P G + Q O ) = [1 + (Ri/Ro) + (Ri/Re)]"'- ("-8) 

Therefore 

/ 'vdP + ( l /gJ f 
Uz 

UdU - Q( 
U, 

( I I -9) 

The amount of energy that can be extracted from the working fluid, 
and hence the cycle efficiency, depends upon the fluid itself and on the type 
of MHD generator used. The working fluid can be compressible or in
compressible , and the generator can be of either a constant-area or a 
var iab le-area geometry. 

If the working fluid is incompressible and it is assumed that f r ic-
tional loss is negligible, the energy extraction from the generator is 
manifested by either a change in the kinetic energy of the fluid or by a 
p res su re drop across the generator , or by both [see Eq, (II-9)]. For a 
constant-area generator the velocity and density would remain essentially 
constant and a p ressu re drop would occur. If the generator is of the 
var iab le-area design, the energy removed is proportional to the velocity 
or kinetic energy change, and the pressure P can remain constant, de
crease , or increase, depending upon system conditions and generator 
geometry. 

Equation (II-l) can be expressed in te rms of enthalpy: 

dH + (UdU/gc) = dQ' - dPQ. (II-IO) 

If the system is insulated, dQ' = 0, so that 

dPQ = -dH - (UdU/gc), ( I I -H) 

(U^U^) 
P Q = (Hj-Hj) + —r- . (11-12) 

'"Be 

From overall cycle considerations it is immater ia l , however, 
whether the conversion of enthalpy to kinetic energy occurs completely in 
the nozzle or partially in the nozzle and partially in the generator . The 
cycle output depends only upon the enthalpy change between the inlet to 
the nozzle and the exit of the MHD generator , assuming that the efficiency 
of the conversion process would be the same in both components. This is 
evident from a simple energy balance across the nozzle and generator . 
Referring to Fig. I I - l , 
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(U!/2gc) + Hi = (U|/2gc) + H2. 

Substituting Eq. (11-13) into (11-12), we obtain 

P G = [(U^U^)/2gc] + (H,-H3). 

H, 

U i 

(11-13) 

(11-14) 

Nozzle 
Hz 

Uz 

' P G 

MHD 
Generator 

H3 

U3 

Fig. I I - l . Schematic of Nozzle and 
Generator Component 

F r o m an analytical viewpoint the above considerations are quite 
important. The entire enthalpy and p ressu re drop can be taken across the 
nozzle, and the generator can be considered as operating at a constant 
p r e s s u r e . The generator analysis then becomes greatly simplified since 
under these conditions AP = 0, AT = 0, AH = 0, Ap = 0, AU / 0, and AA / 0, 
where A is the cross-sect ional a rea of the generator channel. 

If the working fluid is a two-phase mixture, Ax = 0, and the fluid 
can be essentially t reated as incompressible. A theoretical development 
for a var iab le -a rea generator operating under these conditions is given 
below. The performance charac ter is t ics of the constant-area generator is 
also summarized. 

B. The Constant-area Generator for Incompressible Fluid 

The theory of the constant c ross-sec t ion MHD generator has been 
developed and presented in several reports.v**-") The resul ts of the 
analysis by Pet r ick and Lee for single-phase or two-component, two-phase 
•working fluids are especially pertinent to this investigation and a re , 
therefore, summarized briefly. For the case in which the magnetic field 
abruptly terminates at the end of the electrodes, the equations obtained 
a re ; 

V = T)'aUBo; 

•q< = [1 + (Ri/Ro)+ 21n{2/(cTT)}]"'; 

R| = a / a i L a ; 

(11-15) 

(11-16) 

(11-17) 
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c = L/a; (11-18) 

I = ajLaUBojl -T)'[l + 2 1n{2/(c7r)}]}; (11-19) 

-AP = (1 -T]')LaUB^; (11-20) 

Eg = -T {l-71'[1 + 2 ln{2/(c7r)} ] } / ( ! - n ' ) ; (n-21) 

P G = Vl/mf = (-AP/pf)eg = n ' { l - - o ' [ l + 2 1n{2/(c7T)}]}LaUBg/pf; (11-22) 

(Ri/Ro)maxeg = {[21n{2/(cTT)}] [1 + 2 ln{2/(c7T)} ] } " ' ; (U-23) 

(l+41n[2/(c7T)] + 2{[2 1n{2/(c7r)}][l+21n{2/(c7r)}]}"' ')"'; (n-24) -g.max 

maxeo ( 1 + 2 ln[2/(cTT)] + {[2 ln{2/(c7T)}] [1 + 2 ln{2/(c7r)}]} '^ ' )" , (U-25) 

If a two-phase working fluid is used, a in the above equations should be 
replaced by CJ'pp, 

C. The Variable-area Generator for Incompressible Fluid 

1. Induced Emf 

The simplest case of a var iable-area generator is that of a 
flow channel with a constant height (in the direction of applied magnetic 
field) but with varying width in the flow direction. The generator operates 

such that AP = 0, and the fluid 
can be treated as incompressible, 
as described previously. Con
sider a MHD generator duct with 
dimensions ai, a.^, and a3 and 
a constant applied magnetic field 
Bo, as shown in Fig. II-2. Neg
lecting the Hall effect, Ohm's law 
for a moving medium expressed 
in vector form is 

Fig. II-2. Schematic of 
MHD Generator J = a[E +(UXB)], (n-26) 

where J is the current density, E is the electric field intensity, U is 
velocity, and B is magnetic field intensity. Since B is steady, V X E = 0 , 
and E may be expressed in t e rms of an electr ic potential 0: 

(U-27) 
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The value of <p on one electrode is (t>oi on the other it is -0o- I" ^ small 
element, ajaAz (see Fig, II-2) the induced emf, Vo, is 

Vo = aUBo- (11-28) 

Both a and U are functions of z. However, the mass flowrate W is 
constant and at any cross section in the generator 

W = ajajUzP = aia3U3P = ajaUp; (11-29) 

aU = a^Uz = a3U3 = w/ajp = constant. (11-30) 

Therefore, Vo is not a function of z. This corresponds to the case of the 
constant c ross-sec t ion MHD generator with both a and U constant. 

2. Internal Resistance 

In the element ajaAz the internal resis tance is 

r^ = a/aajAz (11-31) 

a = [(a3-a2)z/L] + aj. (11-32) 

The internal resis tance rĵ  is a function of z. The total internal resis tance 
of the generator , R^, is obtained from the integration of r j : 

Let 

then 

a ^ = (a3-a2)/ ln(a3/a2); (II-34) 

Ri = a in /aa iL. (11-35) 

Since both Vo, the induced emf, and V(= IRo)i the terminal voltage, are 
constant along the electrode, the current density j is not constant but 
var ies with length. Considering a small area AyAz on the electrode, 
the current density is 



j = (Vo-V)/[a/aAyAz]/AyAz 

= (Vo-V)a/a 

= (Vo-V)a / [ ( a3 -a , ) z / (L + a2)]. (11-36) 

The total current Ij passing through internal resis tance Rj is 

= / / jdydz 

, L 
= / / [(Vo-V)a/a]dyd2 

Jo Jn 

= (Vo-V)/Ri. (11-37) 

The above equation is simply a result of Ohm's law. The loading factor 
of the generator is therefore 

Ti = 1 + (Ri/Ro)"' = V/Vo. (11-38) 

The end loss Rg is considered as a shunt resis tance and is the sum 
of losses upstream and downstream of the generator . Since it is in paral lel 
with the external load resis tance RQ, the overall load res is tance R(- for 
the generator is 

Rt = [(l/Ro) + ( l /Re)]" ' - (11-39) 

The loading factor which includes end losses is 

Ti' = [ l + ( R y R t ) ] - ' = [1 +(Ri/Ro)+ (Ri/Rg)]- ' = v/Vo. (II-40) 

For the open-circuit condition, i.e., Ro = oo, 

Voc = Vo/[l +(Ri/Re)] = aUBo/[l + (Ri/Rg)]. (11-41) 

3. Current Equation 

The generator and its load can be expressed in a simple c i r 
cuit diagram as shown in Fig. II-3, where 

le = V/Re', I = V/RO-

From Eq. (II-37), 

It = I + Ie = (Vo-V)/Ri. 
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Therefore, 

I = [(Vo-V)/Ri] - (v/Re) = (Vo/Ri)-(Ti'Vo/Ri) - (TVo/Re) 

= Vo[l -71' (1+(Ri/Re)} ] /Ri 

= a2U2BoLaa,[l - T)' {l + (R^/Rg) } ] / a ^ . (11-42) 

Let 

Then 

U ^ = a^U^/a^. 

I = aiLaUn,Bo[l-r) ' {1 +(Ri/Re)}]. 

(11-43) 

(11-44) 

The current equation is exactly of the same form as Eq. (11-19), but Rj/Rg 
or Rg is still unknown at this point. 

—r»-AW 
i+ l ,Ri I T I' 

Q)'" V s R f Ro 

Fig. I I -3 . Circuit Diagram for a MHD Generator 

Sutton et al.(9) solved for Ri/Rg for a constant-cross-sect ion 
generator where a is constant. F rom their analysis, the t e rm equivalent 
to R^/Rg is a (2 In 2)/LTT, which is shown in Eq. (11-19). For the varying-
area generator , a similar form for Rj/Re is expected. The value of a 
would be expected to be some mean value of aj and a3. Designating a.^,^ 
as the proper value, it should satisfy 

I = aiLaU^Bo {l - Ti' [1 + {(2aav In 2)/cv}]} (11-45) 

The following procedure is used to obtain a^y. F r o m E q s . (11-26) 
and (11-27), and referring to Fig. II-2(b), 
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- 0 

= aiO / (Ex + UBo)dz + ajO / (E^^ + UBo) dz 

L_ ^ 

= ajO / [{.ci0/bx) + UBo]dz + ajO / [ ( - a 0 / ^ x ) + UBo] dz 
•^ 0 J - — 

= aiOBoajUjL In [2a3/(a2 + a3)]/(a3 - a^) 

+ aiOBoa^U^L In [(a, + a2)/2a2]/(a3 - aj) 

L 
f- fO 

-ajO / ( d 0 / 5 x ) d z - ajO / ( d0 /Sx )dz 

L 

jO / ( d 0 / a x ) d z - aiO / ( S 0 / d x ) d z . (11-46) aiOBoUn^L - a, 

To eva lua t e S0/Sx and the e n d - l o s s t e r m for both ends of the g e n e r a t o r 
a p r o c e d u r e s i m i l a r to tha t followed by Sutton(9) w a s u s e d . The v a r i a b l e -
a r e a g e n e r a t o r w a s a p p r o x i m a t e d by a c o n s t a n t - a r e a g e n e r a t o r wi th 
a = aav [see F i g . I I -4 (a ) ] . Upon taking the d i v e r g e n c e of Eq . 11-27, one 
ob t a in s 

V20 = 0. (11-47) 

The value of 0 is spec i f i ed on the e l e c t r o d e ; thus for | z | < L / 2 , 

* ( ± a a v A , z ) = ±00 = ±T]'UavaavBo/2- (11-48) 

U p s t r e a m and d o w n s t r e a m of the e l e c t r o d e s , the c u r r e n t to the w a l l s at 
X = ± a a v / 2 is z e r o , f rom Eq . 11-26 b e c o m e s 

| z | > L / 2 ; X = a a v / 2 , 

and 

a0 /Sx = UB(z) , (11-49) 

w h e r e B(z) is the app l ied m a g n e t i c field beyond the e l e c t r o d e s . Thus 

E q . (11-47) m u s t be so lved subjec t to the b o u n d a r y condi t ions of E q s . (11-48) 
and (11-49). 
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^ 
ELECTRODE VOLTAGE,-in 
• ^ ^ ^ ^ ^ s ^ ELECTRICAL 

ELECTRODE VOLTAGE, + ^ Q 

<l>'0 

dz'' 

Fig. II-4 

Conformed Map of 
MHD Generator 

F i r s t , t ransform x, z to X, Z by 

X = 27rx/aav; Z = 27Tz/aav (11-50) 

The boundary conditions for one quadrant of the channel and magnetic field 
are 

X = 0 and -co < Z < co: 0 = 0; 

Z = 0: a0 /dZ = 0; 

X = ±7r/2 and | z | < Lir/a^^: 0 = 0o; 

X = ±7T/2 and \z\ > \jn/a^^: S 0 / 9 x = 0. (11-51) 

To solve Eq. (11-47) with boundary conditions (11-51) the region considered 
is mapped into the upper half of the complex w-plane by the t ransform 

7 (sin Y + 1); Y = X + iZ. (11-52) 

The upper half of the w-plane is next mapped into a rectangle in the 
complex y'-plane by means of a Schwarz-Christoffel transformation [see 
Fig. II-4(b)]. The boundary conditions in the y'-plane become 

x' = 0: 

x' = A: 

z' = 0; 

z' = B: 

0 = 0 ; 

0 = 0o; 

90/5 z' 

d0/^z' 

= 0; 

= 0. (11-53) 

The last boundary condition a r i ses from the requirement that the current 
to the insulator be zero in the region beyond the electrode. Since no 
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magnetic field exists in this region, the normal gradient of the elect r ic 
potential must be zero. For the boundary conditions given by the 
Eq. (11-53) the potential is simply 

0 = (0O/A)X' ; (11-54) 

S0/^x ' = 0O/A. (n-55) 

Now Eq. (11-46) becomes 

1 = aiOBoUmL - 2aia / (B0/dx)dz lO f (B0/dx)( 
Jo 

a / (S0 /Sx ' 
Jo 

= a,aBoUj^L - 2a,a / (d0 /dx ' )dz ' 
Jo 

= aiaBoU^L - 2a,a0o(B/A). (11-56) 

According to Sutton,(9) for values of LTT/aav > 0.7, 

B / A = [2 In 2 + (L7r/aav)]/Tr = [(2 In 2)/7T] + (L/aav)- (11-57) 

Equation (II-56) becomes 

I = a,aBoUj„L - a,OaUBo7l'[{(2 In 2)/7T} + (L/aav)] 

= a,LaUmBo {l - T [(a^n/aav) + {(2a^ In 2 ) / L 7 T } ] } . (11-58) 

Comparing Eq. (11-58) with (11-45), one obtains 

1 + [(2aav In 2 ) / L 7 T ] = (am/aav) + [(2am in 2 ) / L 7 T ] . 

It is obvious that 

aav = a^^ = (a3 - a2)/ln (a3/a2). (11-59) 

Then 

Rj/Re = (2aj^ In 2)/L7r (11-60) 

and 

I = a.LoUmBo {l -T)'[l + {(2a^ In 2 ) / L 7 T } ] ] ; (11-61) 

T)' = [1 + (Ri/Ro) + {(2am In 2) /LTT}]" ' . {U-bZ) 



4, Generator Power Output 

The terminal voltage V can be expressed as 

V = V'^m^m^o- (11-63) 

The power output of the generator is 

Po = VI = aiLoamU^B? T)' {l - T]' [1 + {(2am In 2 ) / L 7 T } ]} 

= {^z^zfBl-T)' {l - T]'[l + {(2am In 2)/L7r)]}/Ri. (11-64) 

5. P r e s s u r e Drop 

If the friction loss in the generator is negligible, the energy 
obtained from the generator in the form of heat is 

Ps = (l + Ie)'Ri + IgRe +l 'Ro 

= (Vo-V)(l + Ie) + Vlg + VI 

= T]'(a2U2Bo)'[(l/Ro) + (l /Re)]- (11-65) 

The total mechanical flow energy is 

Pi = [W(u i -UD/2gc ] + [W(P2-P3) /p ] . (11-66) 

F rom considerations of continuity, 

az/aj = U3/U2; (IX-67) 

W = ajazUzP ; (II-68) 

Pi = {aia2Uip[l -(a2/a3)2]/2g^} + aia2U2(P2-P3)- (11-69) 

Since P- = P„, 

{a,a2Uip[l -(a2/a3)^]/2ge} + aia2U2(Pz - P3) = T]'(a2U2Bo)'[l/Ro) + ( l /Rg)] • 

Solving for p r e s su re drop -AP, 

-AP = P2 -P3 = ( l -7T)LaU^Bg - { ( a m U m ) ' p [ ( l / a ! ) - ( l / a ! ) ] / 2 g J . (11-70) 

It can be seen that for the case in which a^ = a^, i .e., U2 = U3 
Uj^, the second t e rm of the right-hand side becomes zero and the equation 
for -AP becomes identical with Eq. (11-20) of the cons tant -cross-sec t ion 
MHD genera tor . 
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Generator power output Pg can be expressed as 

Po = EgPl 

Equation (11-66) can be written in the following form: 

Po/egW = [(Ui - Uf)/2gc] +[(P2 - P3)/p ] 

(11-71) 

(P2 - P3)/p = (PoAg) - ui [1 - {a,/a,Y]/lg^. (11-72) 

where 

P G = Po/W. (II-72a) 

For a generator with fixed a2, aj, and U2, 

Uz[l - (a2/a3)^]/2ge = constant = C,. (n-73) 

Equation (11-72) gives a linear relationship between (Pj - P3)/p and 
PoAg: 

(Pz-P3)/P = (PoAg) - c , . (n-74) 

A plot of Eq. (11-74) is shown in Fig. II-5. 

»PG/eg 

Fig. U-5 

Diagram Depicting Performance 
of Variable-area Generator 

The p ressu re drop [which is proportional to (Pj - P3)/p ] 
always increases with increasing power output (which is proportional to 
Pc/Gg)- If Pj is fixed, an increase in p ressu re drop means a decrease 

When 

then 

P G A 

P , = P , 

(Pz-P3)/P = 0, 



and the power generation is due to the change in kinetic energy. If 

PcAg > c,, 

then 

P3 < Pz. 

and power generation resul ts from both a kinetic energy change and a 
p ressu re drop. The maximum value of P o A g i^ 

( P o A g ) ^ ^ ^ = C. + (P2/P), (11-76) 

because P3 cannot be less than zero. If 

P o A g < Ci, 

then 

(Pz -P3)/P = negative; 

it means P3 > P j . The fluid is pressur ized . The maximum P3 occurs 
when P Q = 0: 

( P 3 ) ^ ^ y p = (Pz/p) + c , . (11-77) 

The generator becomes a diffuser. The value of P Q can be negative; this 
means that external work has been done on the fluid, and 

P3/P = (Pz/p) + C, + (PpAp). (II-V8) 

This essential ly is the case for an electromagnetic pump, so that - P Q = Pp 
and £„ is replaced by the efficiency of the pump, Ep. 

Suppose a2 and a3 are fixed, Uj is variable , and 

C2 = [ 1 - (a2/a3)^]/2gc; (n-79) 

then 

(P2-P3) /p = ( P c A g ) - CzUi. (11-80) 

A plot of Eq. (11-80) is shown in Fig. II-6. If P c A g is kept constant, p r e s 
sure drop increases with Ui or P3, and decreases with decreasing U2, when 

P c A g = CzUi; P3 
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Again , when P3 = 0, the m i n i m u m va lue of C2U2 is g iven by 

(CzUi ( P c A g ) - (Pz/p)- (n-81) 

P2-P3 
p 

^zlf 

Eq.(n-80)7 
' PG 

I S ^9 

I p N 

^ ^ 2 " i ) • 

- P G / « g -

F i g . I I -6 

D i a g r a m Showing R e l a t i o n s h i p 
be tween P e r f o r m a n c e P a r a m e t e r s 
of V a r i a b l e - a r e a G e n e r a t o r 

F o r the c a s e tha t both P o / e g and U2 change s i m u l t a n e o u s l y , 
the r e l a t i o n be tween (P2 - P3) /p and U2 d e p e n d s upon how P Q / ^ O c h a n g e s . 
F o r s i m p l i c i t y and i l l u s t r a t i o n p u r p o s e s the following r e l a t i o n s h i p is 
a s s u m e d ; 

P G A P C3Ui. 

Then Eq . (11-80) b e c o m e s 

( P 2 - P 3 ) / p = (C3-C2)Ui . 

( n - 8 2 ) 

( n - 8 3 ) 

If C3 = C2, then P3 = P2. F o r th i s condi t ion , no m a t t e r how U2 c h a n g e s , 
the p r e s s u r e d r o p would r e m a i n z e r o . An o v e r a l l v iew of the v a r i a t i o n s 
which can o c c u r a r e shown in F i g . I I - 7 , If C3 - C2 > 0, i . e . , P o / S g > C2U2. 
the p r e s s u r e d rop wi l l i n c r e a s e . If C3 - C2 < 0, i . e . , P c A g < C2UI, the 
p r e s s u r e d r o p wi l l d e c r e a s e . T h e r e a r e four l i nes shown in the f igure wi th 
C3 - C2 = ±1 and C3 - C2 = ±0.4. 

Pg-P; 

F i g . I I -7 

S c h e m a t i c Showing R e l a t i o n s h i p s among 
P r e s s u r e D r o p , P o w e r , and V e l o c i t i e s 
in V a r i a b l e - a r e a G e n e r a t o r 

G e n e r a t o r Eff ic iency 

The eff ic iency of the g e n e r a t o r i s defined a s 

Eg = Po/Pi = (a.L°Am)(a2U2B„)^Ti' {1 -7]'[l+{(2amln2)/L7r}]}/{[(a,a,U^p/2g^][l .(a./aj)^] 

+ a.ajUjKl -7i')LaUmBg - (a2Ua)^p{(l/a|) - ( l /a | ) }/2g^]} . 



After simplification 

Eg = T]' {l - T]'[l +{(2am In 2 ) / L 7 T } ] } / ( 1 - T ] ' ) , (11-84) 

exactly the same as obtained for a constant-area generator . 

The efficiency £„ can also be derived in another manner: 

^g = Po/Ps = Vl/[Vo(l + Ie)] = Ti'Vo/Vo[l+(Ro/Re)] 

= T) ' [ l+(Ro/Re)] ' ' = T]'[Ro{(l/Ro) + ( l /Re)}]" ' 

= RiTT[Ro {(Ri/Ro) + (Ri/Re)}]" ' = (Ri/Ro)Tl'[ri'/(i -r^')]. 

Since 

1 - ^ '[1 +am2 ln(2/L7r)] = (Ri/Ro)T)', 

it follows that 

Eg = Ti'{l -7T[1+ {(2am in 2 ) / L 7 T } ] } / ( 1 -T)'). 

The maximum value of the efficiency and its dependence upon 
the generator loading Ri/Ro is obtained by differentiating the efficiency 
Eq. (11-84) with respect to Ri/Ro; the resul t is 

( R i / R o ) ^ ^ g = {[am2 ln(2/L7T)][l + {(2amln2)/L7T}]}'^'. (11-85) 

The absolute maximum efficiency which can be attained in an 
MHD generator is determined by the magnitude of the end losses occurring 
in the generator and is independent of the generator loading. This can be 
seen by substituting Eq. (11-85) into Eq, (11-84), The efficiency becomes 

- 1 

^g,max = (l +am4 ln(2/L7T) + 2{[am2 In (2/L7T)][1 + {(2am in 2)/L7T} ]} '^ ' ) 

(11-86) 

7. Divergent Angle 

The half divergent angle is denoted by S [see Fig. 2(b)]. The 
value of 9 is bounded since flow separation may occur if the angle be 
comes too la rge . The aspect ratio, L/a^^, is closely related to 9, The 
smal ler the value of 9, the la rger the aspect rat io. The relationships 
are given by 



28 

33 = a2 + 2L tan 9; a^/a^ = (a2 + 2 L t a n e)/a2 = U2/U3; 

L = [(U2/U3)-l]a2/2 tan 6. (11-87) 

L/aj„ = ln(U2/U3)/2 tan 9, (II-88) 

D. Geometry Performance Character is t ics 

The cycle analysis specifies the operating conditions for a given 
power system. Detailed examination of the various components are then 
necessary to determine the feasibility of the derived operating conditions. 
As mentioned previously, the crucial component of the system is the 
MHD generator. The performance character is t ics and generator geometry 
which complies with varying operational pa ramete rs can be rapidly evaluated 
by means of generalized char ts . The bases for such charts are derived and 
discussed in the following sections. In addition, several charts prepared 
for illustrative purposes are presented. 

1. The Constant-area Generator 

From the equations given in the previous section it is evident 
that there are six independent variables which describe the MHD generator. 
The other pertinent variables can be expressed in t e rms of these six. 

If it is specified that the generator operates at maximum 
efficiency, there remain five independent variables to be specified. 

In considering the constant-area generator , -AP is fixed by 
operating conditions for the cycle; therefore the p re s su re drop across the 
generator, -AP, should be specified as an independent variable. From a 
design viewpoint, it is generally desirable to specify the generator output 
Po- Since the magnetic field. Bo, is limited by present technology, it also 
qualifies as an independent variable. Two additional pa ramete r s which 
are highly pertinent and descriptive of the generator perfornnance are 
designated as the remaining independent var iables . The aspect ratios of 
the generator, namely, c, and f, where 

c = L/a and f = a , /a . 

When c is specified and the generator operates at maxinium 
efficiency, then €„ and T]' can be determined immediately. It should be 
noted that there are pract ical limits on the value of c; although la rger 
values of c reflect higher generator efficiency, the generator dimensions 
become unreal is t ic . This is a major reason for specifying c as an 
independent variable. 
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In summary, the performance charac te r i s t ics of the constant-
area generator is calculated from the following specified pa rame te r s : 

Po, -AP, Bo, c, f, andSg j^^^ . 

F rom these p a r a m e t e r s , V, aj, L, a, and U7 are calculated, and generalized 
charts can be prepared . The values of Po, Bo, c, and f can be adjusted to 
give suitable sizes and terminal voltage of the generator . 

Referring to Eqs . (11-15) and (11-19) describing the constant-
area MHD generator section, the power output is 

Po = VI = (77'aU7Bo)aiLCTU7Bo {1 - •T[l+{(2 In 2)/cTr}]}. (11-89) 

Since 

then 

fa, and L = ca. 

Po = fa^aU?Bgc7]'|l - 1T[1 + {(2 In 2)/CTT}]} , (11-90) 

The p re s su re drop is related to BQ and a by the following equation: 

-AP = (l-r]%a\J^Bl = (^ -•n•)ca\J^Bla. 

Solving for the velocity in the generator , U7, we obtain 

U7 = -AP/(1 -r)')caB^a. (n -9 l ) 

Substituting U, in Eq. (11-90), we find 

Po = [fa(-AP)VaBg]r]'{l -TT[l + {(2 In 2 ) / C 7 T } ] } / C ( 1 - I T ) 2 (11-92) 

and 

PoBg/fa = [(-AP)Va]F.(c), (11-93) 

where 

F,(c) = I T { I -T]'[l + {(2 In 2) /C7T}I} /C(1 -T)')^ (II-94) 

Referring to Eq, (11-93) it is apparent that a plot of PoBo/fa 
vs Fi(c) would yield a family of straight lines which pass through the 
origin and whose slopes are -AP^/a. The p r e s su re drop across the 
generator , AP, is determined by cycle condition. It can be shown that 
the p r e s s u r e drop is essentially a function of m£/m„; therefore the slopes 
can be calculated directly. The slopes will differ for the various liquid 
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metals because of the variation of the electrical conductivity, A plot of 
this type was constructed for a constant-area generator operating in the 
two-phase, two-component cycle (described in Section III) and is shown in 
Fig, II-8, As an example of the utility of this graph consider the following 
numerical example. 

F, !C) 

Fig. II-8, Generalized Performance Paramete r PoBo/fa 
for the Constant-area Generator 

For mf/mg = 11 and c = 8, one obtains (see dotted line in 
Fig, II-8) 

(PoB^/fa) X 10-'^ = 0,305. 

If 

Bo = 10,000 gauss; Po = 500 kW; mf = 95,2 lb / sec ; 

Pf = 27.3 lb/ft^ 

then 

fa = 500 X (10,000)^ X 10"'yo.305 = 0.164. 
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If f is specified to be 0,1, 

a = 1,64 ft = 19.68 in.; 

L = 8 X 1.64 = 13.12 ft; 

ai = 0.164 ft = 1.97 in; 

U7 = mf/pfaai = 95.2 (27.3 X 1.64 X 0.164)-' = 12.97 f t /sec . 

The terminal voltage V is given by 

V = T)'aU7Bo. (11-95) 

Rearrangement gives 

v/aU7Bo = T)', (11-96) 

A plot of V/aUvBo against 7]' is shown in Fig, 11-9- The slope of the 
straight line is the unit-conversion constant 9-29 X 10" . 

-
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Fig. II-9. Generalized Performance Pa rame te r V/aU7Bo 
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When c = 8 (see dotted line in Fig. II-9), 

[v/aU7Bo]10'' = 7.12. 
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Therefore, 

V = 7.12 X 10- ' X 1.64 X 12.97 x 10,000 = 1.51 V. 

It should be noted that V is fixed when PQ, BQ, C, and mf/mg are fixed, 
because 

V = T)'aU7Bo = r)'aBomf/pfaai = r)'Bomf/pfai 

= r]'BomfAffa. (II-97) 

The product fa is fixed by fixing PQ, Bo, c, and mf/m ; hence, V 
cannot be changed. Different values of f only affect the value of U,. 

The generalized plot completely descr ibes the performance of 
the constant-area MHD generator. 

2. The Variable-area Generator 

The basis for the development of generalized charts for the 
var iable-area generator was obtained in the following manner. Referring 
to Eq. (11-63), 

V = Tl'aj^UmBo = Ti'a^V^Bo-

Since Bo is specified, and T)' and U2 are set from the operating conditions, 
the inlet width of the generator can be determined if the terminal voltage is 
set: 

a2 = V/TJ'UJBO. (11-98) 

Since a2 and a^ are related by the continuity relationship, a^ can be 
computed directly from a2U2 = a3U3, also a^^ and L can be calculated 
from Eqs. (11-34) and (11-88). If the generator power output Po is 
assumed to be an independent parameter , 

Po = VI = VaiLoUj^Bo {1 -7]'[l + {(2amin 2)/L7T}]J. 

= Vfa2Boa(a2U2L/am) {i - 7i'[l + {(2am In 2) /L7-} ]} 

= VfaiBoaU2(L/am) {l - T)'[l + {(2am in 2 ) / L 7 T } ] } . (II-99) 

From Eq. (11-98) 

a | = vV(iTU2Bo)' 
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and 

Po = fv3BoU2(7TU2Bo)"' a (L /am){ l -T]'[l+ {(2am in 2)/L7r}]} 

= (fVVBo)(a/U2)(L/a^) {l -r i ' [ l + { ( L A m ) " (2 in 2)/^}]}r]'-

(11-100) 

where Uj is a function of Xj (xi is inlet quality to the nozzle; refer to 
Section IV,) and L/a ,^ = In (U2/U3)/(2 tan S) is a function of xj and 9. 
If a two-phase mixture is stipulated as the working fluid, then a is a 
function of Xj. For maximum generator efficiency, 

T)' = (l + [ { L / a ^ ) - ' ( 2 1 n 2 ) A ] + {[ (L/am)"(2 In 2)/7r][l + {(L/am)"'(2 In 2)A}]} ' / ' ) "' 

is a function of Xi and 0. Therefore 

and 

Po = (fvVBo)Fi(xi,0) (11-101) 

Fi(x,, e) = Po(fvVBo)-' 

= (a/U2)[{(L/am)(l-T) ' )A'^}-{(21n2)A'^}]. (11-102) 

A plot of Fi(xi, 0) vs Xi with 9 as a parameter is shown in Fig. 11-10 for 
cesium and potassium. A two-phase working fluid in the generator was 
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specified. It was arbi trar i ly assumed that the conductivity a follows 
Maxwell's relationship and that the relative velocity between phases was 
zero. 

A second function of Xi and 9 is obtained by rewriting 
Eq. (11-63): 

azBo/v = (7]'U2)-' = F2(xi, 9). (11-103) 

Figure II-11 is a plot of F2(xi, 9) vs Xj for cesium; Fig. 11-12 is for 
potassium. The ratio of a3 to a2 (which is not a function of 9) and 
L/a2 are also shown in the graph. Once xj and 9 are specified, a3/a2 
and L/a2 can be immediately read from the plot. 
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Fig. 11-12. F2(xi, 9) vs Xi for Potassium 

As an example, consider a cesium cycle with Xj = 0.3 and 
15='. F rom Fig. 11-10, 

Fi(0.3, 15°) = Po(fvVBo)-' = 431. 

, = 400 kW, 

fVyBo = 400/431. 

If Bo is specified to be 10,000 gauss, 

fV^ = 4,000,000/431. 

V can be calculated for a specified f. F rom Fig. 11-11, 

a3/a2 = 5.60; L /a j = 8.59; azBo/V = 166.5. 

Since BQ = 10,000 gauss was specified previously, 

a j / v = 166.5/10,000. 

After V is determined, a2 can be calculated, as well as a3 and L. 

Similar types of generalized charts can be developed to give 
the total flow rate , cycle efficiency, etc. 
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III. THE TWO-COMPONENT, TWO-PHASE MHD CYCLE 

The two-component, two-phase MHD cycle was initially proposed 
and analyzed by Elliott, (i) and is schematically illustrated in Fig. I I I - l . 

PUMP « — CONOeNSER 

HEAT EXCHANGER 

6 

rH^u—liJ 
MIXER — H NOZZLE^—» 

MHD 

GENERATOR 

Fig. III- l . Schematic of Elliott Cycle 

One fluid circulates in the vapor loop and the other in the liquid 
loop. The fluid circulating in the vapor loop leaves the condenser as 
condensate and is pumped (by a nonrotating electromagentic pump) to the 
mixer, where it vaporizes on contact with the liquid. The vapor expands 
with the liquid through a two-phase nozzle, separates from the liquid in 
the separator, and recondenses in the condenser. To ra ise the cycle 
efficiency, a heat exchanger cools the vapor while preheating the condensate. 

In the liquid loop, the liquid is heated in the reactor and cooled as 
it vaporizes the condensate in the mixer. The liquid is then accelerated 
by the vapor in the nozzle, separated from the vapor in the separator, 
decelerated by the production of electr ic power in the MHD generator, and 
returned through the diffuser to the reactor . The energy-conversion steps 
in the process are: (l) the transfer of heat from the reactor to the liquid; 
(2) conversion of part of this heat to vapor enthalpy (subsequently rejected 
by the condenser); (3) the conversion of the rennaining heat to kinetic energy 
of the liquid in the nozzle; and (4) conversion of most of this kinetic energy 
to electric power in the generator, the remainder going to losses and to 
pressure recovery in the diffuser. 

The overall cycle efficiency is determined by the efficiency of the 
conversion steps. In particular, the kinetic energy losses in the separator 
is a crucial factor which strongly affects the overall cycle efficiency. 

A. Cycle Analyses 

The analysis of the cycle is broken down into the various compo
nents, each of which is discussed individually. Referring to Fig. III- l , the 
numbers given are used to denote the cycle position and also are used as 
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subscripts in the analysis. For ease in computation, a constant-area gen
era tor was used in the study. If a va r iab le -a rea generator had been used, 
the resu l t s would have been essential ly the same, since p ressu re and 
velocity heads a re interconvertible. With the constant-area generator there 
is an additional loss due to the use of the diffuser before the generator; 
hence, the cycle efficiency of a va r iab le -a rea generator would be slightly 
higher. 

The following simplifying assumptions were made: 

1. The liquid and condensate (the liquid phase in the vapor loop) 
are incompressible and have constant specific heats. 

2. There are no heat losses from the cycle except through the 
condenser. 

3. All condensate is vaporized in the mixer and remains vaporized 
until it reaches the condenser. 

4. All vapor is condensed in the condenser and remains condensed 
until it reaches the mixer . 

5. The vapor is an ideal gas with constant specific heat. 

6. The condensate does not chemically react with liquid. 

7. The vapor is insoluble in the liquid. 

8. The liquid has zero vapor p ressu re . 

9- Complete separation of the liquid and vapor occurs in the 
separator . 

1. Two-phase Nozzle 

A substantial amount of information has been accunnulated on the 
efficiency of the expansion of two-phase mixtures through nozzles. The data 
indicate the nozzles may be designed to yield efficiencies in the range o/ 
80-90%, based on an isentropic homogeneous expansion. The following 
assunrxptions are made for the derivation of the isentropic velocity: 

a. steady flow, frictionless, one-dimensional; 

b. gas and liquid a re uniformly mixed; same temperature , 
same velocity; 

c. no heat loss through nozzle wall; 

d. no external work; 

e. only forces acting on mixture a re due to p ressure ; 

f. no potential energy changes. 



38 

Since Sj = S2, we have 

AS = 0 = ( l - x , ) [ C f ln (T2/T , ) ] + x,[Cj, l n ( T 2 / T , ) - ( R / M ) l n ( P 2 / P , ) ] , 

(111-1) 

Solving for T2/T1, one ob ta ins 

ln (T2 /T , ) = (x,R) M - ' [ x , C g + (l - x i ) C f ] - ' l n ( P 2 / P , ) 

T2/T1 = (P2 /P , ) exp{x iRM- ' [x iCg + (l -X, ) C f ] - ' } . (111-2) 

F o r va lue s of Xj of p r a c t i c a l i n t e r e s t , the exponent is v e r y s m a l l and T2/T1 
can be e x p r e s s e d , witliin a few p e r c e n t , by the f i r s t two t e r m s of the s e r i e s 
expansion: 

T 2 / T , i 1 + x , R M - ' [ x , C +(1 -X, ) C f ] - ' l n ( P 2 / P , ) 

The enthalpy change in the nozz le is 

(III-3) 

-AH = U^/2gc = ( l - x , ) [ C f ( T , - T 2 ) + { ( P , - P 2 ) / P f } ] + x , C g ( T i - T 2 ) , 

(II1-4) 

with Ui = 0. Subst i tu t ing Eq. ( i l l -3) into (1II-4), wc find 

U- = 2 g c [ x , ( R T . / M ) l n ( P , / P 2 ) + { ( l - x , ) ( P , - P 2 ) / ' f } ] . (111-5) 

R e p l a c e m e n t of Xj by m g / ( m f + mg) and of (1 - x,) by m f / ( m f + mg) c h a n g e s 
Eq, (111-5) to 

" i = 2gcPiPf" ' [ l + (mg/mf) ] - ' [ (mg/mf)(p£/M)(RT,/p , ) l n (P , /P , ) + {(P, - P^j/P,}], 

( l l l -o) 

The ac tua l l iquid ve loc i ty leaving the nozz l e i s 

J2 - t - n L ^ 

Equat ion (111-3) can be w r i t t e n as 

(II1-7) 

Tz = T , - ( m g / m f ) ( R T , / M ) l n ( P y P 2 ) [ C f + ( m g / m f ) Cg ]" ' 

= T , - [{l + ( m g / m f ) } ( U ? / 2 g J - ( P , - P 2 ) P f ' ] l C f + (mg, 'mf) C g ] - ' . 

(111-8) 
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The above equations for the nozzle were derived by Elliott. 

2. Separator and Diffuser 

The separator is assumed to be of conical shape with a 
half vertex angle of CD: 

In the vapor phase, it is assumed that 

P3, = P2; T31 = T2; U3, = 0. 

The kinetic energy of vapor is completely lost. For the liquid phase, it is 
assumed that: 

a. P7. = P2; T7. = T2; 

b. The component of U2 that is perpendicular to the cone 
surface, U2 sin CD, is completely lost. 

c. There is a skin-friction loss on the surface of the cone. 
The friction factor is denoted by fo. 

An energy balance across the separator yields 

(U2 cos tD)y2gc = (U^/2gc) + [fo(U2 cos co)y2gc] 

U|, = (l-fo)(U2 cos CD)^ (II1-9) 

The total vertex angle of the conical separator was assumed to 
be 60°; therefore o) = 30°, cos cu = 0.866, and (cos tu)̂  = 0.75. No attempt 
was made to optimize this angle. Referring to Eq. (III-9), the velocity loss 
is approximately 13% and the kinetic energy loss ~25% in the separator, 
due only to changing flow direction. 

The friction factor fo was estimated from studies reported by 
Ibragimov et al.^i'^' of the flow over curved surfaces and was set at 
fo = 0.275. These data tended to agree with analysis based on skin-
friction losses . From Eq. (III-9), 

U^./Ui = (l-fo)(cos to)̂  = 0.54375 
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and 

U71/U2 = 0.74. 

Hence, the total kinetic energy loss in the separator will be 
~46%, and the velocity loss will be ~26%. According to Ell iott 's separator 
studies, ^ i i ' the velocity losses in a conical separator were between 17% and 
30%; thus the above assumptions of o) and fo seem quite reasonable and 
accurate. 

If diffuser efficiency is e,^, then 

(Pz/Pf) + (edUfi/2gc) = (Pv/Pf) + (U^/2gc). 

Substituting in Eq. (III-9), one obtains 

(Pz/Pf) + [(ed-edfo)(U2 cosco)y2gc] = (P7/Pf) + (U7/2gc). (III-IO) 

3. Constant-area Nonideal Generator 

The performance character is t ics of the constant-area generator 
are summarized in the previous section. 

4. Diffuser after Generator 

P , - Ps = Ed^fUlAgc- (III-11) 

5. Reactor 

Pio = P9 + APR, (III-12) 

where A P R is the pressure drop across the reactor . Fur ther , 

P R = Cf(Tio-T,). (Ill-13) 

It is assumed that 

T, = Ts = T7 = T2, 

6. Mixer 

A heat balance across the mixer yields 

Tio = T, + [mg/mfCf][C^, (Tb-T6) +AHb + Cg(Ti-Tb)] , (111-14) 

where T^ is the reference temperature and subscript i refers to the 
condensate. 
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P 6 + A P m , g (111-15) 

Pi = Pio + APm,f^ (III-16) 

Here APm „ and APj^ f are the p ressu re drops occurring in the 
mixer for the vapor and liquid, respectively. 

7. Heat Exchanger 

F r o m a heat balance ac ross the heat exchanger, 

T^ = Ts + (Cg/C^)(T3.-T3). (Ill-17) 

We assume 

T j ' = T2; 

P3 = P3' + APg = P2 + APg, (III-18) 

where APg is the p re s su re drop on the vapor side of the heat exchanger; 

T3 = saturation tempera ture of P3; 

Ts = T4; 

P i = Ps + AP^, (III-19) 

where AP^ is pressure drop on the condensate side of the heat exchanger. 

8. Condenser 

P4 = P3 + APc, (III-20) 

where AP^ is the p ressu re drop ac ross the condenser. 

T4 = saturation tempera ture of P4. 

9. EM Pump 

If the pump efficiency is £_, 

Pp = mg(P5-P4) /epP^ . (III-21) 

10. Cycle Efficiency 

Ec = (nnfPG-mgPp)/mfPR = [ P G - Pp(mg/mf)] /PR. (III-22) 
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11. Specified Component and Cycle P a r a m e t e r s 

Lithium was specified as the working fluid in the liquid loop, 
and potassium in the vapor loop. 

The temperature Tj before the nozzle at point 1 was set at 
2470°R (2010°F; at this temperature , the maximum value of P j is 150 psia, 
the saturation pressure of potassium vapor at T j . The lithium vapor 
pressure at this condition, 2 psia, is negligible. If Pj > 150 psia, the 
potassium would not vaporize and the two-phase mixture before the nozzle 
could not exist. 

The efficiency of the nozzle, diffuser, and EM pump were 
assumed to be 

En = 0.85; e^ = 0.90; Sp = 0.45. 

The pressure drops across reactor, condenser, heat exchanger, 
and mixer were set at 

- A P R = 

- A P ^ = 

- A P g = 

10 p s i a 

5 p s i a 

5 p s i a 

( i .e . 

(i.e.^ 

( i .e . , 

, P , - Pj , 

, P 3 - P 4 

, P31 - P 

-AP^ = 10 psia (i.e., P5 - P j ; 

-APm,g = 100 psia (i.e., P^ - P j ; 

-^Pm,f = 25 psia (i.e., Pjo - P j . 

It follows that 

P6 = Pi + APj„ g = 150 + 100 = 250 psia; 

P5 = Pb + AP^ = 250 + 10 = 260 psia; 

Pio = Pi + APm,f = 150 + 25 = 175 psia; 

P9 = Pio + A P R = 175 + 10 = 185 psia. 

The temperature in the condenser is fixed by the p ressu re at the 
exit of the nozzle, P2, through Eqs. (ill-18) and (III-20). An a rb i t ra ry choice 
of the condenser temperature is not possible. The pressure drop ac ross and 
the velocity through the generator are determined by the reactor p ressure , 
position 9 in Fig. III- l , that is, sufficient velocity head must be available at 
the generator exit to reach reactor pressure by means of a diffuser. If 
Ps = 178 psia, then 
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U? = u i = (P , -P8 ) 2gc/edPf 

= (185-178) 2 X 32.17 X 144 (0.9 X 27.3)"' = 51.38 f t /sec. 

The three paramete rs which remain unspecified, namely, 

P2, mg/mf (or mf/mg), and Eg, 

were assigned the following quantitative values for the parameter study: 

eg = 50%, 60%, 70%; 

P2 = 0.25, 10, 16, 25, 35 psia; 

mf/mg = 1, 3, 5, 7, 9, 11, 15, 20, 30, 50. 

B . Discussion of Results 

The variation of the cycle efficiency as a function of the liquid and 
gas flow ra tes , exit nozzle pressure , and generator efficiency is shown in 
Fig, III-2. It is apparent that the overall cycle efficiencies are on the low 
side. The theoretical maximum efficiency for the cycle is ~16% and is 
based on the assumptions that P2 = 0.25 psi, e = 100%, APc = 0, and 
APg = 0. The conditions stipulated for the theoretical maximum efficiency 
are not real is t ic and therefore ê , max ~ ib% should be looked on as an 
absolute upper limit. To obtain the highest cycle performance, P2 should 
be kept as low as possible and £g as high as possible. The lower the 
value of the nozzle exit p ressure , the greater will be the conversion of 
thermal to kinetic energy. The higher the generator efficiency, the higher 
will be the cycle efficiency. If the pressure drops through the condenser 

Fig. III-2 

Calculated Cycle Efficiency as a 
Function of Systenn Pa ramete r s 
for the Elliott Cycle 

4 6 8 10 20 40 60 80 100 

MASS FLOW RATE RATIO 
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and heat exchanger are 5 psi, as cited prevously, the lowest p ressu re that 
can be maintained at the nozzle exit is 10 psi. The sink temperature under 
these conditions would be 840">F. Assuming that the generator efficiency 
is 0.80, the maximum cycle efficiency which appears feasible is 7.5%, 

If the condenser temperature is set at 1850°R, which corresponds to 
a near optimum for a space system, then P j is fixed at 25 psia. The maxi
mum cycle efficiency under these conditions, and for mf/mg = 9 and 
Eg = 70%, is -4.4%. 

Typical cycles with the operating conditions a re shown in Figs. 1II-3, 
II1-4 and 1II-5. Each cycle illustrated represents a unique point on 
Fig. III-2. It can be seen that when P,, Tj, mf/mg, and P2 are fixed, variation 
of the generator efficiency, and hence power, does not al ter the performance 
or conditions of the other system components in the cycle but does affect the 
cycle efficiency. (The generator efficiencies which are feasible a re dis
cussed in a later section.) 

For all the calculations cited, the generator channel velocity was 
fixed at 51.4 ft /sec. The effect of varying the velocity through the generator 
on overall cycle performance is shown in Fig. III-6. For this comparison, 
the pressure P2 was set at 16 psia and a real is t ic generator efficiency of 
60% was chosen. Although these stipulations do affect the overall cycle 
efficiency, they do not affect the purpose of the analysis: to demonstrate the 
effect of generator velocity on cycle performance. 

As is evident in Fig. 111-6, the lower the velocity, the higher is the 
cycle efficiency, but the effect is practically negligible. The major incentive 
to maintain a high velocity in the generator is that for a fixed voltage the 
generator geometry (width) can be decreased as the velocity is increased. 

The actual relationship between U7 and P Q in the cycle considered 
here can be derived as follows: 

P G = eg(-AP)/Pf; 

Pv/Pf = (Pz/Pf) + [Sdd - fo)(cos o))̂  U ^ U^]/2gc; 

Ps/Pf = (PyPf) - (edU'Agc)-

Therefore 

P G = eg(P7-P8)/Pf 

= eg{([ed(l-fo)(cos oj)̂  U ^ ( l - Cj) U^]/2gJ - [(P, - P2)/Pf]}. 
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F r o m the above equation it can be seen that PQ decreases , as does e^ 
with increasing U7. However, since U2 3> U7, ajid 1 -e^j = 0. 1 is a small 
value, the variation of U7 does not affect P Q very strongly. 

Figure III-7 shows a plot of Pj^, P(^, and Pi, vs mf/mg. The cycle 
efficiency for any specified £„ and nrif/mg can be calculated by the 
following equations: 

ec = ( e g P b - P p ) / P R ; 

P G = P ^ when e = 100%; 

P i = P (m /mf) . 
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Fig. Il l-7. Performance Pa ramete r for 
a Potassium-L/ithium System 

F r o m the data and analysis presented it is apparent that there are 
severa l serious res t r ic t ions which limit the cycle performance and 
efficiency. They are (l) the upstream and downstream pressu res on the 
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nozzle which establishes a maximum pressure differential. This, in turn, 
limits the energy input to the cycle and specifies a maximum conversion of 
thermal to kinetic energy; (2) the velocity head losses in the separator , 
which is reflected directly as a power loss in the MHD generator. If the 
losses in the separator could be reduced substantially the cycle efficiency 
would be improved markedly. 
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IV. THE ONE-COMPONENT, TWO-PHASE MHD CYCLE 

The proposed one-component, two-phase cycle schematically 
i l lustrated in Fig. IV-1 consists of five basic components, namely, the 
two-phase nozzle, MHD generator, condenser, diffuser and reactor . A 
two-phase mixture in a saturated vapor is removed from the reactor and 
is passed through the nozzle, where its kinetic energy is increased. F rom 
the nozzle, the two-phase fluid passes directly through the MHD generator, 
where the e lect r ical energy is extracted into the condenser. The fluid is 
returned from the condenser via a diffuser to the reactor . 

— ^ NOZZLE k -'—\ GENEIRATORk—-^CONDENSER h— 

REACTOR 

- b l F F U S E R l — 

Fig. IV-1 

Schematic of the One-component. 
Two-phase MHD Cycle 

The proposed cycle evolved from prel iminary experimental studies 
of a MHD generator operating with a two-phase mixture.^" ' The resul ts 
from this investigation indicated that it may be feasible to pass the 
two-phase mixture directly into the MHD generator. The efficiency of 
the generator , and hence of the cycle, will depend upon the nature of the 
flow and the conductivity mechanism occurring within and the degree to 
which the total entering liquid flow interacts with the magnetic field. 
Because the flow pattern of a two-phase mixture changes from a dispersion 
of gas in liquid to a dispersion of liquid in gas as the mixture quality is 
increased, the conductivity of the fluid would also be expected to change 
sharply. As a result , depending upon the nature of the flow, two different 
types of generators are proposed and are being studied for this cycle. 
The first, schematically i l lustrated in Fig. IV-2(a), is a var iab le-area 

(bl 

COOLING WATER — 

Fig. IV-2a&b. Schematic of the Two Types of Generators Being Studied 
for the One-component, Two-phase MHD Cycle, 
(a) When Xj < 10% and (b) When Xj > 10% 
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generator which operates with a low-quality, two-phase mixture in which 
the gas phase is dispersed in the liquid.* For this type of flow the mixture 
quality is generally quite low, < 5%, and the corresponding void fractions 
are less than 907o. 

A study has been made of the conductivity of two-phase mixtures at 
void fractions up to 0.96. The data were taken with an a i r -water loop and 
encompassed the dispersed annular-flow regimes. An unexpected result 
of this study was that the measured conductivity ratio can be predicted quite 
accurately by Maxwell's equation^^-^' derived for a dispersion of one phase 
within another (see Fig. IV-3). Maxwell's equation 

a/(i T P (2 + a) /2( l - a) (IV-1) 

is based on the assumption that the vapor conductivity is equal to zero. The 
agreement in the dispersed annular-flow regime (liquid dispersed in gas 
with a liquid film on the wall) was completely unexpected in view of the 
physical basis and assumptions inherent in Maxwell's development. It is 
doubtful whether this agreement would continue beyond the range of void 
fractions studied. 

Fig. lV-3. Electr ical Conductivity Data 
for Air-Water Mixture 

*It has recently come to the authors ' attention that a similar type of 

r X ' t ' ° 2 ^ ) "̂""̂  ^^^"^ P'-oposed to operate in a two-component two-phase 
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As the mixture quality is increased beyond 10%, the degree of d is 
persion inc reases , and the flow interaction with the nnagnetic field would be 
expected to drop sharply, so that the generator efficiency would decrease 
rapidly. For the very high-void, highly dispersed liquid-flow regime a 
generator of the type shown in Fig. IV-2(b) is being studied. The exit flow 
from a rectangular , h igh-aspect - ra t io nozzle impinges upon the lower 
surface of the generator at a small angle, ~5°; the liquid is separated from 
the vapor by impingement in the lower channel where the high-velocity film 
interacts with the magnetic field. As e lec t r ica l energy is extracted, the 
fluid builds up in thickness. The possibility of also condensing the vapor 
phase on the rapidly moving film by cooling the bottona side of the generator 
is also being investigated. Thus, separation, power generation, and condensation 
would occur simultaneously. The efficiency of this type of generator will 
be a function of the degree of separation which occurs and the skin friction 
and momentum losses . It should be noted that the electr ical-shunt losses at 
the entrance a re eliminated, which tends to enhance the generator efficiency 
considerably. 

The highest cycle efficiency could be obtained with the latter type 
of generator since a higher-quality, higher-energy fluid can be utilized. 
As pointed out previously, this means that more energy is put into the 
cycle at the highest cycle tempera ture . 

A. Cycle Analysis 

Each of the components in Fig. IV-1 are analyzed separately by 
means of energy and momentum balance and then summations are made 
to yield the overall cycle efficiency. The numbers shown in Fig. IV-1 are 
used to denote the cycle position. 

1. Two-phase Nozzle 

The assumptions given for the nozzle analysis in the 
two-component two-phase cycle a re adhered to again. 

Since 

S i = X i S i g + ( l - X i ) s i , f = XiS2,g + ( l - X i ) s 2 , f = S2 

Xi = ( s i , f - S 2 , f ) / ( s 2 , g - S2,f) + X i ( s i , g - S i , f ) / ( s 2 , g - S2,f) ( iV - 2) 

Xi is the exit quality based on isentropic flow. The energy equation for 
isentropic homogeneous flow is 

uV(2gc) +xihi ,g + (1 -x i ) hi,f = U?/(2gc) +xih2,g + (1 -x i ) h2,f 
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Ui can be solved in t e r m s of the e n t h a l p i e s and e n t r o p i e s in the in le t and 

out le t s t r e a m {\Ji = O) 

Ui = 2gc(hz ,g -h2 , f ){ (h i , f -h2 , f ) / (h2 ,g -h2 , f ) - (si,f - S2,f)/(s2,g - S2,f) 

+ Xi[(hi,g - hi,f)/(h2,g - h2,f) - (Si,g - Si ,f) /(s2,g - S2,f)]}. (IV-3) 

The a c t u a l l iquid ve loc i ty , a c c o r d i n g to the def ini t ion of nozz l e e f f ic iency . 

En. i s 

Ul - e , u ? . (IV-4) 

The a c t u a l exi t qua l i ty wil l be 

X2 = [ h l , f - h 2 , f - U i / ( 2 g c ) ] / ( h 2 , g - h 2 , f ) + X i ( h i , g - h i , f ) / ( h 2 , g - h 2 , f ) . 

(lV-5) 

If the ve loc i t y of vapor i s a s s u m e d equa l to Uj, t hen the s l ip r a t i o , k, i s 
s imp ly 

k = Ui/U2 = (er.)-'"- ( IV-6) 

The void f r ac t ion is 

a = {k[( l -x2)/x2](v2,f /v2,g) + i r ' . (IV-7) 

2. V a r i a b l e - a r e a G e n e r a t o r 

a. No f r ic t ion l o s s . 

b . No p r e s s u r e d r o p a c r o s s the g e n e r a t o r , i . e . , P3 = P2. 
Hence the g e n e r a t o r power is p r o p o r t i o n a l to the k ine t i c e n e r g y change only 
and Eq. (II-9) b e c o m e s 

P G = e g ( U i - U | ) / 2 g c . (IV-8) 

F o r s i m p l i c i t y it is a l so a s s u m e d that 

T3 = T2 

X3 = X2. 

B e c a u s e P Q is a function of (U^ - U3) and is not a funct ion of T3 and X3, the 
above a s s u m p t i o n s do not affect the c a l c u l a t i o n of c y c l e e f f ic iency but wi l l 
affect the a n a l y s e s of the c o n d e n s e r . The effect i s v e r y s m a l l , h o w e v e r . 
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when comparisons a re made with the large amount of heat rejected in the 
condenser. The detailed analysis of the generator has been given in 
Section II. The evaluation of £g in t e rms of load res is tance, internal r e s i s 
tance arid end loss res is tance of the generator is given by Eq. (II-84), 

3. Condenser 

The condenser is assumed to operate at the minimum tempera
ture T4 and to be designed to keep the inlet and outlet velocity the same 
(a tapered channel is specified whose a rea is proportional to the void 
fraction). Therefore 

U4 = U3 

P4 = sat. p re s su re at T4. 

The p ressu re drop ac ross the condenser i s 

P3 - P4 = -AP^. (lV-9) 

The heat removed in the condenser is 

Q = h2,f + X3(h2,g - h2,f) - h 4 j . (IV- 10) 

.4. Diffuser 

The assumptions are: 

a. An adiabatic systenn, T5 = T4, or hĵ f = h4 f 

b. U5 i 0 

c. Diffuser efficiency is e^j-

Thus 

Ps = P4 + edU|/(2gcV4,f). (lV-11) 

5. Reactor 

The p r e s su re drop ac ross the reactor is 

- A P R = P 5 - P 1 . (lV-12) 

The heat t ransfe r red from the reactor to the working fluid is 

P R = (hi,f-h5_f) +x i (h i ,g -h i , f ) . (IV-13) 
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6. Cycle Efficiency 

The cycle efficiency, £,,, is 

Cc = P G / P R - ^'""-''^ 

B. Specified Components and Cycle Pa rame te r s 

The temperature range for the heat source was set at 1100-2240°F. 
The sink temperature was varied from 500- 1340°F. The temperature 
ranges were selected on the basis of applicability to both space and com
mercia l power systems. The efficiency of the nozzle was assumed to be 
e „ = 0.8. The value is considered to be realist ic and based on data available 
in the l i terature. It appears, in fact, that a properly designed nozzle can 
yield efficiencies of 90% and greater . The diffuser efficiency was taken as 
e ĵ = 0.90 and is also based on data available in the l i tera ture . The p r e s 
sure drops across the condenser and reactor were a rb i t ra r i ly assumed to 
be 

-APc = 10 psi 

- A P R = 10 psi. 

The inlet quality to the nozzle, x, was varied from 0-100%. 

From Eqs. (IV-14) and (lV-8) it can be seen that cycle efficiency, 
e^. is proportional to Eg. Since the maximum efficiency, eg, depends 
only upon the aspect ratio, L/am, see Eq. (11-86), and the latter in turn 
depends on divergent angle, 9, see Eq. (11-88). Various values of 9 were 
used in the calculations ranging from 6 = 2.5° to S = 15.0°. 

Mercury, mercury-potassium alloy, and three alkali metals , cesium, 
potassium, and sodium, were studied as working fluids in the cycle. The 
thermodynamic data for each, namely, temperature , vapor p ressure , specific 
volume of liquid and vapor phase, enthalpy of liquid and vapor phase and 
entropy of liquid and vapor phase were taken from Ref, 14. 

C. Discussion of Results 

The cycle efficiency for the alkali liquid metals studied is shown in 
in Figs. lV-4 to IV-9. The overall cycle efficiency is plotted vs the mixture 
quality at the inlet to the nozzle. The paramete rs on the curves are the heat 
source temperatures , generator efficiency, and the half-angle of the MHD 
generator. As can be seen, cesium and potassium yield the highest cycle 
efficiencies. For specified system parameters the two metals have virtually 
identical efficiencies, see Fig. IV-4. Although the cycle efficiency with 
cesium is essentially the same as for a potassiunn system the poorer con
ductivity of cesium reduces its effectiveness, as discussed in a later section. 



Fig. IV-4. Cycle Efficiency vs Mixture Qualities 
for Potassium, Cesium, and Sodium 
(T2 = 2700°R, T4 = 1800°R, 9 = 7.5°) 

Fig. IV-5. Effect of Generator Efficiency and Half-angle 6 on Cycle 
Efficiency for Potassium 
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Fig. IV-8 

Cycle Efficiency as a Function 
of Mixture Quality and Source 
and Sink Temperature for Mercury 

MIXTURE QUALITY 

Fig. IV-9 

Cycle Efficiency as a Function of 
Mixture Quality and Source and 
Sink Tempera ture for 40 m / o 
Mercury-Potass ium Eutectic 
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Cesium has the lowest conductivity, whereas sodium has the highest. Sodium 
as the working fluid, however, yields the lowest cycle efficiencies. 

The maximum cycle efficiency is achieved by using the pure vapor: 
X = 1.0. The maximization at x = 1.0 is due to the fact that the outlet 
velocity of the two-phase mixture emerging from the nozzle and entering 
the generator increases with increasing quality. The effect of the half-angle 
e on generator efficiency and the overall cycle efficiency is i l lustrated in 
Fig. IV-5 for a potassium system. By decreasing the angle 9. and hence 
increasing the generator length and reducing the shunt end loss, both the 
generator and cycle efficiency increase proportionally. As can be seen, 
for an angle of 9 = 2.50° the cycle efficiency has reached 16% for Xj - 1.0. 
The limiting cycle efficiency would be reached with the ideal generator 
operating at 100% efficiency. This is a psuedo condition and is presented 
for illustrative purposes only. 

The effect of varying the heat source temperature is shown in 
Fig. lV-6 for a potassium cycle. As the source temperature is raised, the 
cycle efficiency increases . The reason for the increase is due simply to an 
increase in energy input to the fluid. The behavior is the same for all fluids. 

The effect of lowering the sink temperatures on the cycle efficiency 
is shown in Fig. IV-7. As can be seen, a maximum is observed at a sink 
temperature between 1400 and 1600°R when Ti = 2700°R. This behavior is 
due to the thermodynamic properties of the fluid. Since the cycle is based 
on the conversion of the mixture enthalpy to kinetic energy, the maximum 
which occurs in the enthalpy-temperature relationship is car r ied through 
the cycle. Figure IV-7 also vividly shows the effects of the mixture quality 
and the heat-source temperature on the overall cycle efficiency. 

The efficiency of a cycle based on mercury and mercury-potass ium 
eutectic is shown in Figs. IV-8 and IV-9, respectively. These fluids have 
the distinct advantage of having lower boiling points and, hence, operating 
temperature ranges that are close to present technological l imits . This 
advantage rapidly diminishes for the pure mercury system since its vapor 
pressure increases rapidly with temperature; at T = 2000°R its p ressure 
is 1762 psi. Thus one is then faced with a high-temperature, h igh-pressure , 
system. The mercury-potassium alloy has a much lower vapor p ressure 
at a specified temperature than pure mercury. At T = 2000°R its vapor 
pressure is 198 psi. It is primari ly for this reason that it was studied. Its 
thermodynamic properties are also quite different from pure mercury . The 
property data for the eutectic were obtained from Ref. 15. 

The highest efficiencies that can be real ized for the one-component 
cycle within the boundary conditions specified is obtained with mercury as 
the working fluid. An overall cycle efficiency of 22.5% is obtained for a 
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source tempera ture of T = 2000°R and a sink temperature of T = 1000°R. 
The efficiency of the MHD generator under these conditions is C„ = 0.75. 
The reason why mercury gives the maximunn cycle efficiencies is that the 
conversion of enthalpy to kinetic energy in the nozzle per pound of fluid 
flowing is the highest for mercury . The resul ts for the potass ium-mercury 
mixture a re s imilar to those for pure fluid mercury . The main differences 
which are apparent are that the cycle is much more sensitive to the source 
and sink tempera tures and the efficiencies a re ~10-25% lower. 

Of the alkali metals , potassium appears to be the fluid which can 
nnost advantageously be used in the cycle. For a source temperature of 
2740°F and a sink tempera ture of 1040°F, the maximum cycle efficiency 
which appears feasible is 20%. This is based upon the assumption that the 
nozzle efficiency can be increased from 0.80 to 0.90. With this assumption 
the mercury cycle efficiency reaches a value of ~26%. The Carnot efficiency 
for the conditions cited lie in the range from 0.35 to 0.50. 

For a space power source an overall cycle efficiency of ~12% appears 
to be quite feasible for a heat-source temperature of 2700°R and a sink 
temperature of 1800°R. This value is comparable to the turbo-electr ic 
system. 
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V. THE CONDENSING-INJECTOR C Y C L E 

The c o n d e n s i n g - i n j e c t o r , l i q u i d - m e t a l MHD power cyc l e p r o p o s e d 
o r ig ina l ly by J a c k s o n and Brown(2) i s shown s c h e m a t i c a l l y in F i g . V - 1 . 
The cyc le c o n s i s t s of a vapor loop ( r e a c t o r loop) and a l iquid loop (hea t -
r e j e c t i o n loop). The vapor is g e n e r a t e d in the r e a c t o r hea t s o u r c e and 
p a s s e s into the condens ing in jec tor w h e r e mix ing t a k e s p l a c e with the l iquid 
s t r e a m which has e m e r g e d f rom the hea t e x c h a n g e r w h e r e the w a s t e hea t 
was r e j e c t e d . In the condens ing in j ec to r the vapor i s c o n d e n s e d and a h igh-
s t a g n a t i o n - h e a d l iquid is g e n e r a t e d . The fluid then p a s s e s t h r o u g h the 
MHD g e n e r a t o r , w h e r e e l e c t r i c a l e n e r g y is e x t r a c t e d at t he e x p e n s e of the 
s t a g n a t i o n - p r e s s u r e head. The l iquid is then s e p a r a t e d into two s t r e a m s , 
one of which p a s s e s into the vapor loop (and hence to the r e a c t o r w h e r e it 
is v a p o r i z e d ) , and the o ther s t r e a m to the liquid loop ( w h e r e hea t is r e 
j ec t ed in a hea t exchange r ) . 

• — ( 4 ) 
JOULE THOMPSON VALVE 

-1X1-

F i g . V - 1 

S c h e m a t i c of Condens ing 
In jec to r P o w e r Cyc le 

A m a j o r advantage of th is cyc le is the fact that a s i n g l e - p h a s e l iquid 
m e t a l p a s s e s th rough the MHD g e n e r a t o r as in the E l l io t t c y c l e . Hence the 
po^ver dens i ty of the g e n e r a t o r , a s men t ioned p r e v i o u s l y , can a p p r o a c h 
10'° W/cm^, which is s e v e r a l o r d e r s of magn i tude g r e a t e r than p rov ided by 
p r e s e n t ro ta t ing e l e c t r i c a l g e n e r a t o r s . 

The feas ib i l i ty and po ten t ia l of the l i q u i d - m e t a l MHD cyc l e is d e 
t e r m i n e d to a v e r y l a r g e extent by the p e r f o r m a n c e of the condens ing 
in jec tor . 

The condens ing in jec to r is not a new d e v i c e , having been deve loped 
ex tens ive ly a s a b o i l e r f eedwate r pump . It h a s had a s t i g m a a t t a c h e d to it 
as being a dev ice of v e r y low eff ic iency. The a p p a r e n t low e f f i c ienc ies m a y 
be a t t r i bu t ed to the m a n n e r in which the eff ic iency is def ined. 

Recen t s t u d i e s , both e x p e r i m e n t a l and ana ly t i c a l , have ind ica ted that 
the p e r f o r m a n c e of the in j ec to r can be v e r y high and, m o r e i m p o r t a n t l y , 
a n a l y s e s p r e d i c t that the in j ec to r can g e n e r a t e v e r y l a r g e s t agna t ion p r e s -
s u r e s - - a m a n d a t o r y r e q u i r e m e n t for the l i q u i d - m e t a l MHD c y c l e . The 
r e c e n t c o n d e n s i n g - i n j e c t o r s t ud i e s r e f e r r e d to a r e t h o s e of B r o w n , ( ' 6 ) 
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Brown and Miguel,(I^) Hays,(18) and Rose.(19) The performance charac
te r i s t i cs of the condensing injector were evaluated from the data presented 
in the above-mentioned studies. The data presented in the works of Brown, 
Rose, and Brown and Miguel appear to be consistent in that the ratio of actual 
performance to predicted performance is comparable. However, the data 
of Hays show a very large scat ter . The performance for the condensing 
injector is a rb i t ra r i ly defined as 

AP 

^c 
ac t 

out 
ac t 

A P . lie ( P - P out L 
(V-1) 

calc 

This performance factor is not an efficiency, but a measure of accuracy 
with which the actual injector p ressure performance can be predicted from 
calculations based on continuity, momentum, and energy equations. The 
procedure used in this study for calculating the p ressure generated by the 
condensing injector is presented later in this chapter. 

The performance factors based on Eq. (V-l) calculated from the 
data of Rose are shown in Fig. V-2. As can be seen, the values range from 
70 to 85% for the range of parameters investigated. Brown and Miguel 
based these figures on a direct ratio of actual exit p ressure to calculated 
exit p re s su re from the injector. Their data, when transformed to the basis 
of Eq. (V-l) , yields values comparable with that of Rose. 
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Fig. V-2. Performance Pa ramete r s of Condensing 
Injector Determined by Rose 
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The data of Hays exhibits much more scatter . The Tl̂  defined by 
Hays as the ratio of measured to calculated p ressu re r i se across the in
jector, although not directly equivalent to Eq. (V-l) , is also a performance 
parameter indicative of the agreement between actual and calculated per
formance. Hays' performance parameters ranged from ~2 to > 100%. The 
latter values were attributed to the inability to define precisely the injector 
performance in the test-sect ion geometries used in the investigation. The 
methods of analysis are similar in all cases cited. Fur ther , Brown has 
shown that a convergent-area mixing section will give better p re s su re per
formance than a constant-area mixing section and that a large p ressu re 
r ise across the condensing injector is possible. 

The geometries, fluids, and parameter ranges of interest to the 
liquid-metal MHD cycle have, however, not been covered in these investi
gations, and there are large virgin areas where extrapolations must be 
made. Several considerations that may seriously limit the performance of 
the condensing injector have been pointed out.^I ' ' of which the area con
traction (ratio of the combined area of liquid and vapor at injection point to 
the area at the minimunn diameter of mixing region) and the vapor Mach 
number at the injection plane are important. If the minimum area in the 
mixing section is reduced to a value where it approaches or becomes less 
than the area of the inlet liquid s t ream, a shocking phenomenon may occur, 
since not only the initial liquid stream, but the condensed and noncondensed 
vapor, must also enter this section. At high contraction ratios the p ressure 
in this minimum-area section may be so low as to cause serious cavitation 
problems. The effect of supersonic velocities at the vapor inlet is not clear. 
It is expected that the injector performance is improved "with increasing 
inlet vapor velocity, but adverse effects such as chocking may be produced 
by shock formation upstream of the constant-area section of the injector. 

It is evident that additional studies are necessary to explore the 
many uncertain areas so as to establish the limitations of injector perfor
mance. In particular, more effort is required in the range of pa ramete rs 
of specific application to the liquid-metal condensing-injector cycle. The 
analysis of the injector cycle which follows is, therefore, based on the 
available data for the condensing injector and extrapolation of the data to 
the parametric ranges of interest . 

A. Cycle Analysis 

The performance for the individual components in the cycle follows. 
The subscripts refer to liquid or vapor propert ies at given stations denoted 
in Fig. V- 1. 

1. Condensing Injector 

The analysis of the condensing injector follows that of Hays(I**) 
and Brown.U 6) The performance of the condensing injector is calculated 
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from an energy and momentum balance with an imposed restraint of the 
second law of thermodynamics. Referring to Fig. V-l, liquid enters the 
injector at temperature T5 and pressure P5. It is assunned that it is feasible 
to design liquid and vapor nozzles such that the liquid and vapor may be 
expanded to some low pressure at station O in the injector. The liquid and 
vapor velocities at station O are calculated as follows: 

For an isentropic expansion of the vapor to station O, 

Siv = s„^ = X;,^Sg„ + (l-XJ,^)Sf^ (V-3) 

where X' is the vapor quality at 0 for an isentropic process: 

X' = (S, -Sfj/(S - S , ). (V-4) 
OV IV 1 0 ' ' g o fo 

Let e„„ denote the vapor nozzle efficiency. Then 

h' = h, + X' (h. -h' ); (V-5) 

OV fo OV IV ov 

^nv = (hiv-hov)/(V-I^ov); (V-6) 

hov = hi , -^nvd^iv-hov)- (V-7) 

Xov = ( l ^ o v - W / ( V - ^ f o ) ; (V-8) 

Vov = Vfo + X„^(Vg„-Vf„), 

where hf̂ , h , Sf̂ , and Sg^ are evaluated at TQ corresponding to PQ. 

From an energy balance, 

hi , = h„ , + (U^o,)/2gJ. (V-9) 
Thus 

Uov = [ (h i , -h„ , )2g j ] ' / ^ (V-10) 

Assuming that the liquid density p^ is constant and applying 
Bernoulli's equation for the noncompressible fluid, we find 

UoL = [^^^n.(^) 0. 144 
1/2 

(V-11) 

where C^ is the liquid nozzle efficiency. 
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The inlet s t agna t ion p r e s s u r e r a t i o is defined as 

B = P 5 / P 1 . 

so tha t 

-11/2 

U o L 
(2g)(0.144) e „ ^ 

B P , - P , 

P L 

The a r e a r a t i o at O is d e t e r m i n e d f r o m the con t inu i ty equa t ion 

^oL W L P O , U „ ^ 

r o A W D U T 
^ o v ™v ^ L '-'oL 

If we define the m a s s flow r a t i o as W^y W.̂  = R, then 

A r o = R Pov U O V / P L " O L ' 

(V-12) 

(V-13) 

(V-14) 

R e f e r r i n g to F ig . V - l , the m o m e n t u m b a l a n c e a c r o s s the con 
v e r g e n t mix ing s ec t i on of the i n j ec to r ( f r o m O to x ) , n e g l e c t i n g wa l l f r i c t ion 
f o r c e s , is 

PoAo - P x ^ x - F p , o x = M^ - M^ 

w h e r e M is the m o m e n t u m flux: 

M = PU^A = wU. 

S ince 

PxAx - PyAy = My - M^, 

Eq . (V-15) b e c o m e s 

PoAo - PyAy - F p ^ o x = My - M Q . 

(V-15) 

(V-16) 

(V-17) 

(V-18) 

The w a l l - p r e s s u r e fo rce t e r m F p ^^ for the a s s u m e d c a s e in which P is 
cons t an t can be shown to r e d u c e to 

F p , o x = P o ( A o - A x ) . 

T h e r e f o r e , 

PoAo - PyAy - P o ( A „ - A ^ ) = My - M „ . 

(V-19) 

(V-20) 
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Since 

Ay = A^, (v-21) 

Eq. (V-20) reduces to 

PyA^ = P^A^ + MO - My. (V-22) 

The momentum flux at position O is 

Mo = W O L U O L + WovUo,; (V-23) 

that at position Y is 

My = (WoL + Wo,) Uy. (V-24) 

Assuming the liquid state exists at y, we have 

My = PLUyAy = P L U ^ A ^ , ( V - 2 5 ) 

Solution of Eq. (V-22) for Py gives 

p = P + ! ^ . ^ (V-26) 
^ ° A , A^ 

The total stagnation head at position 2 is 

Pz = Pv + 
PLUV P L U ^ A X ^ M. 

Pv + 4-7 . (V-27) 
2 Ax y 2A_ 

Therefore, 

p , = P . ^ . i ^ , (V-28) 
o A^ 2Ax 

F r o m Eq. (V-28), 

Mo = ( p E U ^ o L ^ . P o v U ^ o v ^ > o - ( ^ ^ 9 ) 

Noting that 

o A Q L _ AqL ^ A Q L / A O V AoL _ A^ 

Ao ' A o , + AoL ~ ^ AoL A Q " 1 + A^o 
(V-30) 
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and tha t 

A Q V 

A o 

1 

1 ^ o L 
^ + A — •^ov 

I 

1 + Aj-o 
(V-31) 

we have 

^ _ L û  ^'•° , r û  —^—1—. (v-32) 
Ax ' L L °L 1 + Aro ^"^"""^ 1 + AroJ Ax 

Similarily, it can be shown that 

h. - ±(p u '— +P U T ^'•° V f — T (V-33) 

The quantity A ^ / A ^ is generally referred to as the contraction ratio and is 
denoted by 

A = Ao/Ax. (V-34) 

The p ressu res at position y and 2 therefore are 

Py 

and 

=o + (PLU^ rTTTo' ^ - " - rrxry 

±(p U —^— + P T U T ^ ' ' ° )A.' ( V - 3 5 ) 
— I^Pov^ov 1 + A^o '̂ I^ °I^ 1 + A r o / 

Po + (PLUOL T T ^ O ' ' ' " ^ " " ^ ^ ^ o ) "" 

(V-36) 

The total stagnation head at 2 is 

P2X = P2 + (pLU!/2g). (V-37) 

To allow for real condensing-injector losses and nonideal diffuser perfor
mance, the calculated performance is reduced by a performance factor e^. 
Therefore 
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P2 = ec2P2l 

a n d 

( £ C 2 P 2 I - P y ) 2 g C ^ ^ 

P L 
44 

1/2 

(V-38) 

The fluid s t a t e at the exi t of t he i n j e c t o r i s ob ta ined f r o m an 
e n e r g y b a l a n c e f r o m p o s i t i o n 0 to 2. A s s u m i n g an ad i aba t i c i n j ec to r and 
u t i l i z i ng t he t o t a l s t a g n a t i o n p r e s s u r e , we find for the e n e r g y b a l a n c e tha t 

Wvhiv + h,L{^,) + j ^ j WL = (E2L(T2) + ] ^ V W L + W , ) ; 

^ V + R[ESL(T3) + 5 ^ ] ( 1 + R ) ^^L<^^) ' J - ^ 

S imp l i f i c a t i on y i e l d s 

h, 
E 2 L ( T 2 ) 1 + R 1 + R 

E 5 L ( T 5 ) + 
J P L . 

P2 

J P L ' 

(V-39) 

( V - 4 0 ) 

F r o m E 2 L ( T 2 ) the t e m p e r a t u r e T^ c a n be d e t e r m i n e d f r o m the t a b u l a t i o n of 
p r o p e r t i e s of t he f luid. 

The subcoo l ing at the exi t of the c o n d e n s i n g i n j e c t o r i s 

AT.„K = T _ , ( P 2 ) - T2. (V-41) • sub Tsa t (P3) - T2 

The r e s t r a i n t of t he s e c o n d law of t h e r m o d y n a m i c s on the p e r 
f o r m a n c e of the c o n d e n s i n g i n j e c t o r r e q u i r e s t h a t the e n t r o p y of t h i s ex i t 
s t r e a m m u s t be g r e a t e r t h a n the e n t r o p y of t he e n t e r i n g v a p o r and l iquid 
s t r e a m s . E x p r e s s e d m a t h e m a t i c a l l y . 

W L + W v ) S 2 > W ^ S ^ ^ + W , S ^ (V-42) 

A S 
1 

' 1 + R ^ 1 + R 

w h e r e S2 is e v a l u a t e d at T2. 

Si a O, (V-43) 
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When the calculated performance of the condensing injector 
does not conform to this stipulation, the condition specified in the cycle and 
the cycle itself is rejected, 

2, The MHD Generator 

An energy balance across the MHD generator from 2 to 3 yields 

Q - W = E2L(T2) + T-^ - E 3 L ( T 3 ) - -p-. (V-44) 

JPL •^PL 

As shown previously, the energy extracted from the generator is 

W = e ^ ^ ^ . ( V - 4 5 ) 

Thus, for an adiabatic generator, Eq. (V-44) reduces to 

- ^ g ^ -' ^ ^ L ( T 2 ) + j ^ - E 3 L ( T 3 ) - ^ . (V-46) 

3. The Heat Exchanger 

The heat exchanger is assumed to operate with a specified log 
mean temperature difference AT^j^ and reject heat to a fluid whose tem
perature Tg remains constant. Therefore, 

T3 - T ; 
^'^in - T, - To' ( V - 4 7 ) 

I n ^ ^ 

For the cycle analysis the log mean temperature drop was arb i t ra r i ly set 
equal to 100°F. 

The pressure drop across the heat exchanger was also arbi 
t rar i ly fixed at APj^j- = 10 psi. Therefore, 

P3 = P5 + A P H E = P5 + 10 psi. 

The heat rejected in the heat exchanger is 

V-4f 
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Equations (V-40), (V-46), and (V-47), which represent the heat-exchanger 
equation, the energy equation across the injector, and the energy equation 
across the generator, contain three unknowns: Tj, T2, and T3, and therefore 
must be solved simultaneously. It should be noted, however, that for large 
values of the log mean temperature differential and low values of R, T5 ap
proaches Tg and, hence, for ease in computation, the following assumption 
may be made: 

T5 = Tg + 10°. 

With this additional stipulation T2 and T3 can readily be calculated. 

4, The Heat Source 

The pressure drop across the heat source, APj^g, was arbitrarily 
set equal to 10 psi. Therefore, 

Py = P i + APHg. 

If excess pressure must be dissipated between positions 3 and 
4 before the fluid enters the heat source, it is rejected in a Joule-Thomson 
process. 

The heat added to the fluid is given by 

QA r„ ,„ > P4 

- [ • wv--h'"''**i 
+ hi(Ti). (V-49) 

The Cycle Efficiency 

The cycle efficiency is given by 

Po , P2 - P3 144eg 
=c = F ^ = (WV + W L ) ^ J - ^ ^ ^ P - ^ J ^ ^ ^ 

(V-50) 

or 

(1+R)(P2-P3) 
144e„. (V-51) 

•= hi - h3Pj_̂ J 

From Eq, (V-40) it can be shown that 

h i - h 3 = Y-^ (h i -h5 ) . (V-52) 
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T h e r e f o r e , 

( 1 + R ) ' ( 1 4 4 ) ( P 2 - P 3 ) Eg (V-53) 

^c " R(778) PL(h i -h5 ) 

S e v e r a l c r i t e r i a a r e c o n s i d e r e d to e s t a b l i s h the va l id i ty of e^ a s c a l c u l a t e d 

above . They a r e : 

a. The en t ropy m u s t i n c r e a s e a c r o s s the in jec to r : 

Ŝ = S-d-^S-^fT-RS^J^O; 

condi t ions for which AS < 0 a r e i n a d m i s s i b l e . 

b . The subcool ing at the c o n d e n s i n g - i n j e c t o r exi t m u s t be 
pos i t ive . The s a t u r a t i o n t e m p e r a t u r e c o r r e s p o n d i n g to P2 is c a l c u l a t e d as 

• ^ s u b 2 = '^S2 - '^2-

The condi t ion Tg^j^ 2 ^ '̂  imp l i e s the a s s u m p t i o n of e x i s t e n c e of a l iquid 
s t a t e at (2) is not t r u e . 

c. The subcool ing at the g e n e r a t o r exit is a l s o c h e c k e d . The 
s a t u r a t i o n t e m p e r a t u r e at P3 is Tgj . Then 

Tgub 3 = Ts3 - T3. 

The condi t ion Tg^j , 3 < 0 imp l i e s the fluid has f lashed to v ap o r in the 
g e n e r a t o r . This is not a l lowed in th i s c y c l e . 

d. The value of P2 can b e c o m e nega t ive ; for th i s c a s e c a l c u 
la t ions a r e a l so r e j e c t e d . 

e. The value of P can b e c o m e nega t ive . Th i s s i tua t ion is not 
admi t t ed s ince it is doubtful that the in jec tor would o p e r a t e . 

The working fluids s tudied in th i s cyc l e w e r e c e s i u m , 
p o t a s s i u m , sodium, and m e r c u r y . 

B. D i s c u s s i o n of R e s u l t s 

Typica l r e s u l t s of the cyc le a n a l y s i s for the four l iquid m e t a l s s tud ied 
a r e shown in F i g s . V-3 to V - 2 2 . F o r i l l u s t r a t i v e p u r p o s e s , de t a i l ed da ta a r e 
p r e s e n t e d for the c e s i u m c y c l e . The cyc le eff ic iency, to ta l s t agna t ion hea t at 
2, s tagna t ion head at y, and exi t subcool ing at 3 a r e p lo t ted a g a i n s t p e r c e n t of 
the m a x i m u m c o n t r a c t i o n r a t i o , which is c a l c u l a t e d f r o m the a r b i t r a r y s t i p u 
la t ion that 

Ax ' AoL-
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Fig. V-20. Calcula ted Performance Data for the Condensing-
injector Cycle Operating with Sodium for T i = 
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This cr i ter ion was set because of the probable performance limitations of 
the condensing injector as discussed previously. Therefore, 

A^o + A L O 1 + (ALO/AVO) 

Ar max = JZ = ^ /A <^-^^' 
^Lo ALO/AVO 

Ar max = ( 1 + A R O ) / A R O . ( V - 5 5 ) 

The decision to plot the calculated performance data against the 
percent of maximum contraction ratio was based on the fact that the con
traction ratio is perhaps the most important variable affecting the per
formance of the condensing injector, and hence the cycle efficiency. Other 
important independent parameters shown on the curves are: inlet p ressure 
ratio B, mass flow ratio R, and source and sink temperatures . For all the 
computations the assumptions were made that the MHD generator is 80% ef
ficient and that the performance factor of the condensing injector is 0.8. 

The maximum cycle efficiencies of the condensing-injector cycle 
are essentially comparable with the maximum efficiency of the two-phase, 
two-component cycle. 

The maximum cycle efficiencies for the four liquid metals studied 
are listed in Table V - l . These are approximate values (within ±5%) that 
have been taken from Figs. V-3 to V-22. It can be seen that the maximum 
cycle efficiency increases slightly with a decreasing flowrate ratio R. The 
ratio of the cycle efficiency to Carnot efficiency is in the range from 0.17 
to 0.25, which again is comparable with the ratio from the two-phase, two-
component cycle. 

Referring to Table V - l , it is seen that mercury as a working fluid 
in the condensing-injector cycle produces the highest cycle effciency (10%) 
followed closely by cesium at 8%. Sodium as a working fluid shows the 1— 
est performance potential. 

ow-

The performance data for a cesium cycle are shown in Figs. V-3 to 
V-13. This cycle was analyzed extensively to study the effects of various 
parameters . Some interesting trends that are apparently typical and note
worthy a re : 

1. Cycle efficiency increases with increasing contraction ratio. 
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2, The cycle efficiency increases with increasing inlet stagnation 
p ressu re ratio B, all other conditions being held constant. However, at 
higher values of B the second law is violated at lower contraction ra t ios . 
Thus considerations of the second law limit the cycle-operating pa rame te r s . 

3. As the flowrate ratio R is increased, the cycle efficiency tends 
to decrease slowly. As R is decreased below a value of ~3, the smallest 
value presented in the figures, the efficiency continues to r ise until a per 
formance limit is again reached. The calculations show that as R de
creases (R £ 2) complete condensation of the vapor does not take place, as 
is indicated by a negative subcooling at the injector exit. 

Table V-l 

MAXIMUM CYCLE EFFICIENCIES 

Temperat 

Source 

2,240 
2,240 
2,240 
1,940 

1,540 
1,540 
1,400 
1,400 

2,240 
2,240 
1,940 
1,940 

1,940 
1,940 

ure, °F 

Sink 

600 
1,050 
1,400 

600 

400 
600 
400 
600 

600 
1,400 

600 
1,400 

600 
1,050 

Ma: ximum 

Ratio of Liquid t 

3 5 

Cesium 

7.9 
8.7 
7.8 
5.4 

Mercury 

10 
10.4 

8.1 
8.5 

6.5 
7.1 
7.8 
4.5 

8.3 
8.6 
6.7 
7.0 

Potassium 

5.7 
6.6 
3.6 

Sodium 

1.3 

-

4.6 
5.4 
2.9 
3.4 

1.07 
1.15 

Effi> ciency. 

o Vapor Ma 

7 

5.9 
6.5 
7.0 
4.1 

7.5 
7.8 
6.1 
6.3 

4.2 
4.9 
2.6 
3.0 

0.97 
1.04 

% 
.ss Flow: 

10 

5.4 
6.0 
6.5 
3.7 

7.0 
7.3 
5.6 
5.9 

3.9 
4 .5 
2.4 
2.8 

0.89 
0.95 
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K n . ^ • ^ ' ' ^ ^ ^ ' " i ^ " ° ' ^ ° ^ t l ^ ^ '^y'^le eff ic iency with the f lowra te r a t i o R can 
be I l l u s t r a t e d a n a l y t i c a l l y a s fo l lows . R e f e r r i n g to Eq. (V-53) , the cyc le 
e f f ic iency is 

g ^ (1 + R ) ( P z - P 3 ) 144 
'^ Pj^ihi - h , ) 778 • 

It c a n be shown tha t 

R 
h , - h j 

1 + R 

a n d 

Pz = P ^ + -
WL 

gAv 

(h i - hj) 

144 W' ( l + R)^ 

If the m i x i n g s e c t i o n a r e a is spec i f i ed as 

KW"(144) 
A = KAJ , 

Eq . (V-58) b e c o m e s 

P L V ^ 
Po + 

144gK 

vj , v ; i ( i + R)2 
V " + — •— 

° R 2 K R ' 

( V - 5 6 ) 

(V-57) 

(V-58) 

( V - 5 9 ) 

(V-60) 

The above equa t i ons can be combined to give , a f ter ex t ens ive a l g e b r a i c 
m a n i p u l a t i o n , 

1 144(1+R) 
(h iv - hfj) + 

PL^i+R)' 
{ R ( 2 B - 1) + B - 1} + 

P L ( I + R ) 1 

€„NpV, C V Q L 

144gK R l 2KR' J 

BP, + AP 
+ ^g^c pl - H 

HE 

P L 

1 + R' 

(V-61) 

w h e r e 

a n d 

VoL = (2g) 1 4 4 N L -
B P , 

11/2 

PL 

Vov = [2gJ(hiv - hov) ] ' ^ ' . 

(V-62) 

(V-63) 
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The above g ives an e x p r e s s i o n for the cyc le eff ic iency in t e r m s of the 
b a s i c independen t p a r a m e t e r s and a r b i t r a r i l y fixed q u a n t i t i e s . It can be 
s e e n that for the cyc le in ques t i on 

APHE - ^ P H S 
0. 

F o r the p a r t i c u l a r c a s e of a c e s i u m cyc le o p e r a t i n g b e t w e e n 
T, = 2400°R and Tg = 1060°R, with B = 3, P Q = 10 p s i , and K = 1 (Ay = A Q ) , 
the cyc le eff ic iency b e c o m e s 

(V-64) 

The v a r i a t i o n of £c v s R is shown in F ig . V - 2 3 . 

t empe 

4. The cyc le eff ic iency i n c r e a s e s s l igh t ly with i n c r e a s i n g s ink 
r a t u r e , that i s , for spec i f ied p a r a m e t e r s of B, R, and a g iven g e o m e t r y 

which do not v i o l a t e the s econd law, the 
cyc le eff ic iency i s h i g h e r a t the h ighe r 
s ink t e m p e r a t u r e . T h i s effect i s due to 
the fact that the h e a t input Q^ to the 
vapor loop is d e c r e a s e d , and a l s o the 
s t agna t ion p r e s s u r e g e n e r a t e d in the 
condens ing in j ec to r i s v i r t u a l l y tinaf-
fec ted by the i n c r e a s e d t e m p e r a t u r e of 
the l iquid loop. 

5. The subcool ing a t the exi t 
of the MHD g e n e r a t o r d e c r e a s e s a s the 
m a s s flow r a t i o R d e c r e a s e s , and th i s 
fact i m p o s e s a n o t h e r l i m i t a t i o n on the 
po ten t i a l cyc le p e r f o r m a n c e . 

5 3 0 

z 

: 20 

10 

1 1 1 1 1 1 1 1 1 

1 CESIUM 

1 T, • 2 4 0 0 ° R 

. Ts= l O e C R ~ 

( a ^ 3 

- . —Conditions Are Such That Cycle Operation -
I Is Impossible because of Violation of the 
\ Second Law and/or Subcooling at Generator 
\ Exit Is Negative 

- \ 

1 1 

MASS FLOW RATE RATIO, R 

Fig . V - 2 3 . V a r i a t i o n of Cycle 
Eff ic iency vs F l o w r a t e 
Ra t io (R) at M a x i m u m 
Con t r ac t ion Rat io 

6. As the s o u r c e t e m p e r a t u r e 
is l o w e r e d , the cyc l e eff ic iency d r o p s 
s u b s t a n t i a l l y . Th i s i s due to the fact 
that the e n e r g y input into the c o n d e n s 
ing in j ec to r i s l owered , which r e d u c e s 

the s t agna t ion p r e s s u r e d e l i v e r e d into the g e n e r a t o r . M o r e p r e c i s e l y , the 
vapo r ve loc i ty at s ta t ion O is d e t e r m i n e d by the in le t v ap o r cond i t ions for a 
fixed P Q . Thus , the d e c r e a s e in s o u r c e t e m p e r a t u r e r e d u c e s the en tha lpy 
change a c r o s s the vapor nozz le , which r e s u l t s in lower v ap o r ve loc i ty a t 
pos i t ion O. The vapo r ve loc i ty a t pos i t ion O has a r a t h e r s t r o n g effect on 
the p r e s s u r e p e r f o r m a n c e of the condens ing in j ec to r . 
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7. In order to achieve conditions at the exit of the condensing in
jector where the grea tes t percentage of the total stagnation head is due to 
the kinetic head at position y, the geometry of the injector must have a 
contraction rat io which is g rea te r than 50% of the nnaximum contraction 
ratio. Conditions of high kinetic head and low static pressure are desirable 
from the considerations of both injector and MHD generator design. If a 
substantial portion of the total stagnation head is kinetic head, the MHD gen
erator may be of the va r iab le -a rea type and thus be designed for much lower 
p r e s s u r e s . 

Similar t rends as discussed above are apparent in Figs. V-14 to 
V-22 on which a re plotted the performance character is t ics of the condensing 
injector cycles for potassium, mercury , and sodium. 
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VI. POTENTIAL OF LIQUID METAL MHD CYCLES 
FOR COMMERCIAL APPLICATION 

From a thermodynamic viewpoint, steam is a poor working fluid 
since it absorbs too small a fraction of the heat input at the maximum 
cycle temperature. However, no other single fluid has been fotind which 
is superior to steam when all pertinent factors are considered. A logical 
extension of the technology, therefore, is the combination of several work
ing fluids into a binary cycle. The advantages of such a cycle have long 
been recognized, and a substantial effort has already been made in this 
direction with the development of the mercury-s team turbo-electr ic 
cycle. The acceptance of this concept has been delayed because of the 
serious problems which were encountered during its introduction. Many 
of these problems have been resolved, but the highest temperature of the 
system has been kept below 1000°F. 

The introduction of a topping cycle above 1000°F will create addi
tional problems that will have to be resolved. These are concerned with 
special design problems arising from the ultra-high temperatures ajid 
mater ia l limitations as they effect component fabrication, cost, reliability, 
and, most importantly, longevity. The lifetime of power equipment vs 
the maximum operating temperature is shown in Fig. VI-1. The figure 
was taken from a recent evaluation of the SNAP program^^O) and depicts 
typical experience gained from commercial rotating equipment, ducted 
gases, and reactors . Also shown on the figure are the goals of the more 
ambitious AEC programs. It appears that the turbo-electr ic topping cycle 

ADVANCE CHEMICAL ROCKET 

SOLID PROPELLANT CHEMICAL ROCKET 

DUCTED GASES AND REACTORS 

•THERMIONICS 

ALKALI METAL 
SPACE POWER 

SMALL Hg SPACE PWR. 
APU TURBOJET-' 

CENTRAL STA STEAMINOMAIN 

VAPOR COMPRESS. REFRIG.-

WATER PUMPS 
(WITH MAINT.) 

1 10 

L I F E , hr 
10 10 
L L X ^ J I 
1 10 50 

YEARS 

Fig. VI- 1 

Lifetime of Power Equipment 
vs Maximum Operating Tem
perature Tubes (from Ref. 20) 
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may very well be liinited to the medium-temperature range (900-1400°F) 
because of the very serious problems that are encountered beyond this 
range in turbine design and in other system components, such as valving 
and pumps. The l iquid-metal MHD topping cycle, on the other hand, shows 
great promise for being developed as an efficient power system which is 
capable of operating in the medium-temperature range (up to 2000°F), as 
denoted by the a lkal i -metal space-power goals in Fig. VI-1. Unlike the 
conventional turbo-e lec t r ic generator, the MHD generator contains no 
moving solid parts that a re subject to extreme temperature and dynamic 
s t r e s s or require close machine tolerances. As a result, the MHD gen
erator can operate under conditions of high temperatures , highly corrosive 
and er ros ive a tmospheres , and temperatures where conventional energy-
conversion devices could not operate for prolonged periods of time. 

The MHD topping cycle is a much simpler system than the turbo-
electric system and, therefore, more easily adaptable to high-temperature 
operation. The MHD generator coupled with the heat source forms 
one single closed loop which has no moving or rotating parts, and has a 
minimum of valving, etc. The MHD loop can virtually be welded shut. The 
working fluid is moved by the conversion of thermal to kinetic energy. It 
appears that the efficiency of the MHD electr ical generator can be made to 
approach that of the turbine-generator . However, the ratio of the actual 
efficiency to the Carnot efficiency of the MHD topping cycle may be lower 
than that achieved with a turbo-elect r ic cycle because of the additional 
losses which occur in the components such as nozzles and inver ters . 

A. Overall Efficiencies of Binary Cycles 

The overall efficiency and potential of a central-stat ion power system 
employing a l iquid-metal MHD topping cycle are excellent. The system 
mentioned previously consists of a reactor heat source, MHD loop, and the 
normal steam plant which functions as the sink or bottoming cycle. It should 
be noted that a fossil-fuel-fired boiler using a liquid-metal coolant can also 
be utilized as the heat source. The heat transfer charac ter is t ics of the 
liquid metal are superior to water, and the boiler would operate at the high
est cycle tempera ture with a low vapor p ressu re . 

The overall efficiencies of a binary power cycle using a MHD topping 
cycle were computed by combining the efficiencies of the topping cycle with 
steam-plant efficiencies in the following manner: 

e c = ^MHD + ( I - E M H D ) e s c (VI-l) 

where SMHD is the efficiency of the topping cycle and £30 ^^^ efficiency of 
the s team bottoming cycle. 
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The o v e r a l l cyc le eff ic iency, p e r c e n t a g e i n c r e a s e of the cyc l e 
eff ic iency, and the p e r c e n t of the t o t a l power g e n e r a t e d by the MHD topping 
cyc l e a r e shown in F ig . VI -2 a s a function of the topping cyc l e e f f ic iency 
and the b a s e s t e a m - p l a n t eff ic iency. F r o m Eq. ( V I - l ) it i s a p p a r e n t t ha t 
the o v e r a l l ef f ic iency of the b i n a r y cyc le i n c r e a s e s with i n c r e a s i n g 
eff ic iency of the topping cyc l e , and e f f i c i enc ies g r e a t e r than 50% a r e r e a d i l y 
obta ined when the b a s e s t e a m - p l a n t ef f ic iency £ 5 0 '^ equa l or g r e a t e r than 
40% and the topping cyc le eff ic iency b e c o m e s 15% or g r e a t e r . The m a x i 
m u m o v e r a l l cyc le eff ic iency is g e n e r a l l y r e a c h e d when the s e c o n d a r y 
s t e a m cyc le i s o p e r a t e d at m a x i m u m a l lowable t e m p e r a t u r e c o n d i t i o n s . 
As the s ink t e m p e r a t u r e is r a i s e d , the d e c r e a s e in the eff ic iency of the 
topping cyc le is m o r e than offset by the i n c r e a s e in the s t e a m cyc le 
eff iciency which r e s u l t s in a m a x i m i z a t i o n of the o v e r a l l c y c l e . By 
combining Eq. ( V I - l ) with the t o p p i n g - c y c l e da ta , d i s c u s s e d in the p r e v i o u s 
s e c t i o n s , the following r e s u l t s can be deduced: 

f 

g-io 
or 

» 
^ZO 
0 
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,>*^^l 

1 
e. 
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Fig. Vl-2. Overall Cycle Efficiency, 
Percentage Increase of Cycle 
Efficiency, and Percent of 
Total Power Generated by 
MHD Topping Cycle vs 
Topping Cycle Efficiency and 
Steam Plant Efficiency 

i s d ropped to 440°F, the o v e r a l l c 
the eff ic iency of the topping cyc le 

1. If an a lka l i m e t a l i s 
spec i f ied as the work ing fluid, the 
m a x i m u m po ten t i a l e f f ic iency of 
the o v e r a l l cyc le which is a t t a i nab l e 
r a n g e s be tween 55% and 60%, and 
r e s u l t s f rom e i t h e r a p o t a s s i u m -
or c e s i u m - s t e a m b i n a r y c y c l e . The 
l i q u i d - m e t a l topping cyc le o p e r a t e s 
be tween a t e m p e r a t u r e r a n g e of 
2240 and 1100°F, and p r o d u c e s 35% 
of the t o t a l power . The bo t toming 
s t e a m plant i s a s s u m e d to be the 
equ iva len t of a m o d e r n s u p e r 
c r i t i c a l plant , such a s the Eddys tone 
unit o p e r a t i n g at 4000 ps i and 1050°F. 
The eff ic iency of such a plant was 
a s s u m e d to be ~0 .45 af ter upg rad ing 
the pub l i shed Eddys tone eff ic iency of 
0.407. The upgrad ing r e s u l t s f rom 
the e l i m i n a t i o n of b o i l e r ineff ic iency 
and s t ack l o s s e s . 

2. The m a x i m u m po ten t i a l 
ef f ic iency of the m e r c u r y - s t e a m 
b i n a r y cyc le i s ~56% and i s s l igh t ly 
lower than tha t for the c e s i u m - o r 
p o t a s s i u m - s t e a m b i n a r y c y c l e . T h i s 
i s b a s e d on a s o u r c e t e m p e r a t u r e of 

• 1540°F and a c o n d e n s e r t e m p e r a t u r e 
of 1100°F. If the s ink t e m p e r a t u r e 

yc le eff ic iency d r o p s to ~47%, even though 
i n c r e a s e s s u b s t a n t i a l l y . F r o m a 
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thermodynamic viewpoint, mercury is the superior working fluid. It has 
severa l major drawbacks, however. The principal drawback is its rapidly 
rising vapor p re s su re at high temperature . Other drawbacks are (a) poor 
wettability and heat transfer character is t ics which requires the use of 
additives; this tends to increase operational problems considerably; 
(b) limited availability and (c) relatively high cost. The feasibility of the 
h igh-pressure mercury system is questionable. 

3. For the medium temperature range (1100-1600°F), mercury-
potassium alloy and potassium appear to be the most promising working 
fluids for the liquid-metal cycle. Overall cycle efficiencies up to 50% 
appear possible. The MHD topping cycle can have an efficiency as high as 
15% and its maximum working pressure would be below 75 psi. 

4. The working fluid most suitable for a pure MHD power cycle 
appears to be mercury . Mercury is superior from a thermodynamic 
viewpoint, as has been pointed out previously, and can operate in the lowest 
t empera ture range. The maximum efficiency of such a pure MHD cycle 
ranges between 0.20 and 0.30, and depends upon the maximum pressure 
that could be tolerated in the system and the type of cycle. The feasibility 
of the cycle must, of course, be dictated by strictly economic considera
tions, which remain to be explored. The attractiveness of such a cycle is 
the major simplification that could be achieved in the overall plant and 
its components. 

B. Economic Considerations 

The at t ract iveness of the calculated cycle efficiencies is apparent. 
The incentive for developnnent of the cycle therefore must be dictated by 
str ict ly economic considerations. Although no detailed economic studies 
have been made, the resul ts of a prel iminary study tend to indicate a favor
able economic argument. 

The rudimentary study was made for a 1000-MWe plant operating 
with a load factor of 0.90. In the analysis it was assumed that operational 
and maintenance costs would be unaffected by changes in the plant efficiency 
for a fixed plant size. Therefore, the two major areas in which a dollar 
savings could accrue from the introduction of a topping cycle would be 
(a) reduction in capital costs for the steam bottoming plant, since its capacity 
is reduced in proportion to the power generated in the MHD topping cycle, 
and (b) reduction in fuel costs arising from the increased efficiency. The 
dollar differential which resul ts from these can then be considered as the 
amount available for converting the ordinary steam plant to the binary cycle. 
Any excess monies are regarded as the profit incentive. No attempt was 
made in this prel iminary study to est imate the cost for upgrading the heat 
source to the elevated tempera tures and for introducing the MHD topping 
cycle. As a result , only the total dollar differential figures are cited. 



90 

F r o m F i g . VI-2 it is a p p a r e n t that r a t h e r m o d e s t topping c y c l e 
e f f i c ienc ies can p r o d u c e s u b s t a n t i a l i n c r e a s e s ( p e r c e n t a g e w i s e ) in the 
o v e r a l l cyc le eff ic iency. As an e x a m p l e , the i n t r o d u c t i o n of a topping c y c l e 
with an ef f ic iency of 0. 15 into a m o d e r n s t e a m plant whose e f f ic iency e 
i s 0.38 r e s u l t s in an i n c r e a s e of 25% in the o v e r a l l cyc le e f f ic iency. 

F i g u r e VI -3 shows the do l l a r d i f f e ren t i a l which r e s u l t s f r o m r e 
duced fuel c o s t s . The d o l l a r s av ings , p lot ted vs the p e r c e n t a g e i n c r e a s e 
in cyc le eff iciency, a r e b a s e d on an a s s u m e d c a p i t a l i z a t i o n c h a r g e of 
14.7%. The c a p i t a l i z a t i o n c h a r g e t r a j i s f e r s the annua l fuel s a v i n g s to an 
equ iva len t c a p t i a l e x p e n d i t u r e . The c u r v e s shown b r a c k e t fuel c o s t s and 
plant e f f ic ienc ies of $0.20 to $0.30 pe r lO ' Btu and e = 0 .35 -0 .40 , 
r e s p e c t i v e l y . T h e s e p a r a m e t e r s a r e r e p r e s e n t a t i v e of c u r r e n t fuel c o s t s 
and s t e a m - p l a n t t echnology . It can be s e e n tha t s m a l l p e r c e n t a g e i n c r e a s e s 
in plant ef f ic iency p r o d u c e s v e r y s u b s t a n t i a l d o l l a r s a v i n g s . 
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cycle efficiency. The assumed cost for the steam-turbine plant was $30/kW. 
The figure is believed to be a realist ic one. It is apparent that the capital 
cost savings are also quite important. 

The total dollar differential, obtained by combining Figs. VI-3 and 
VI-4, is shown in Fig. VI-5. As an illustrative example of the economic 
incentive involved in the addition of a MHD topping cycle, consider a base 
steam plant whose efficiency is 0.35 and which operates with a fuel cost 
of $0 .20/ l0^ Btu. Reference to Fig. VI-5 shows that the gross dollar 
differential or breakeven point is approximately $25,000,000 for a 20% 
increase in cycle efficiency. From Fig. VI-2 it can be seen that the 
increase in the cycle efficiency can be achieved by a MHD topping cycle 
whose efficiency is 0.125. Based on the "state of the ar t" this efficiency 
appears real is t ical ly attainable at a maximum cycle temperature of about 
1600°F. 
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It is apparent that detailed design studies are needed to establish the 
economic incentive more accurately. 
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